Diffusion of laser polarized gases in MRI

Dissertation zur Erlangung des Grades
Doctor rerum naturalium
am Fachbereich Physik

der Johannes Gutenberg-Universitat Mainz
vorgelegt von

Luis Agulles Pedroés

geboren in Dénia/Spanien

Mainz 2007






Contents

Abbreviations i
1 Introduction 1
2 Introductory Theory 5
2.1 Introduction. . . . . . . . ... 5
2.1.1 Quantum Mechanical description . . . . . .. .. ... .. 5
2.1.2 Semi-classical description . . . . . ... ... ... .. .. 9
2.2 Therotating coordinateframe . . . . ... .. ... ... ..... 11
2.3 Relaxationtimes. . . . . . . ... ... .. 12
2.3.1 Spin-Lattice Relaxation. . . . . .. ... ... ....... 12
2.3.2 Spin-SpinRelaxation. . . . . ... ... ... ... .... 15
2.3.3 Relaxationinporousmedia . . ... .. ... ....... 17
2.4 MagneticFieldGradients . . . . . . ... ... ... L. 18
2.4.1 Spatially dependent NMR signdisspace . . . . . ... .. 18
24.2 Thespatialphase. . . .. ... ... .. ... ....... 20
243 Echoes. .. ... ... .. .. ... 20
2.5 Spatialresolution(MRD. . . . . ... ... ... ... .. ... 23
2.6 Diffusion . . .. ... 26
2.6.1 Statistical description. . . . . . ... ... ... .. ... 26
2.6.2 Restricted Diffusion. . . . . .. ... ... ... ... .. 28
2.6.3 Determination of the diffusion coefficient by NMR. . . . . 28
2.7 HyperpolarizationMethods. . . . . ... .. ... ... ...... 32
2.7.1 AlkaliMetalexchange. . . ... ... ... ......... 33
2.7.2 Metastabilityexchange. . . . . ... ... ... .. .. .. 35
3 Experimental Setup 37
3.1 Hyperpolarization o¥*®Xeand®He . . . .. ... ... .. ... .. 37
3.1.1 LP?%e: experimentaldetails . . . . .. .......... 37



INDEX

3.1.2 LP3He: experimentaldetails. . . . ... ..........
3.2 Magnetand Spectrometer. . . . . .. .. ... ... L.

3.3 GasMixer. . . . . . ..

3.3.1 Pneumatic Pistons and MagneticValves. . . . . . . . ..
3.3.2 Automatized GasMixer. . . . . ... ... ...
3.4 ResolutionPhantoms . . . ... .. ... .. ... .........

Gas selfdiffusion measurements by NMR

4.1 Theory of gas self-diffusion coefficient. . . . . . . ... ... ...
4.1.1 Polarization influence on spin diffusion. . . . . . . .. ..

4.2 Dxevs. Polarization . . . .. ... ... ... ... . .. . ...,

4.3 Measured of 3He vs. Polarization. . . . . . .. .. .. .. ....
4.3.1 Dpnevs. Polarizationatlbar . . ... ............
4.3.2 DpeVvs. Polarizationvs. Pressure . . . . ... ... ....
4.3.3 Dyeatthermal polarizationatlbar. . .. ... ... ...

4.4 Conclusions . . . . . ...

Gas admixture
5.1 Theory of gas admixture diffusion coefficient. . . . . . .. .. ..
5.1.1 Concentration dependence of diffusion coefficient . . . .
5.2 Concentrationmeasurement. . . . . . . .. ... ... ... ...
5.2.1 Concentration and gas admixture. . . . . .. . ... ...
5.2.2 Relation between signal and concentration . . . . . . ..
5.2.3 Errorestimation. . . . .. ... ... oL
5.3 Simultaneous measuremenpin a Xe—He gas admixture . . . . .
5.4 Dpe VS. XHe in “He, SK, N, and Xe: experiments and simulations .
5.4.1 DeterminationbyNMR. . . . ... ... ... .......
5.4.2 Molecular dynamics simulations. . . . .. ... ... ...
5.5 Dye VS. Xxe in *He and N: experiments and simulation. . . . . . .
5,6 Conclusions . . . . .. .. .. ..

Influence of diffusion in MRI

6.1 Spatial resolution and point spread function . . . . .. ... ...
6.2 Optimal mixture in non restrictive geometries. . . . . . . . . . ..
6.3 Edgeenhancement . . .. .. ... ... ... ... ... ...,
6.4 Motionalnarrowing. . . . . . . ...
6.5 Influence of experimental NMR-parameters in restrectavities. . .
6.6 Cavityselection . . .. ... .. .. .. ... .. ... ... ...

41

67
68
69
70
70
71
72
73
74
74
75
77
80

83
83
86

88
89
91



INDEX iii

6.6.1 Concentrationdependence . . . . ... . ... ... ... 94
6.6.2 Buffergasdependence. . . . .. ... ... ... ..... 99
6.7 Conclusions . . . . . ... 103

7 Conclusions 107



INDEX




Abbreviations

FID
FLASH
FOV
FT

HP

LP

le
MRI
NMR

Apparent Diffusion Coefficient

Buffer Gas

Diffusion coefficient

Binary diffusion coefficient

Kt approximation of the binary diffusion coefficient
self diffusion coefficient of a component in a gas mixture
one dimensional mean free path

Dwell Time

magnetogyric ratio or gyromagnetic ratio
Free Induction Decay

Fast Low Angle SHot

Field Of View

Fuorier Transformation

Hyperpolarized

Laser Polarized

cavity size

spin dephase characteristic length
Magnetic Resonance Imaging

Nuclear Magnetic Resonance
Polarization

pressure



Vi

INDEX

PSF
r.f.
SNR
SW
T1
T2

Xe
129y o

Point spread function

Radio Frequency

Signal to Noise Ratio

Spectral Width

characteristic spin lattice relaxation time

characteristic spin spin relaxation time

number of collisions made by one particle divided by umiteti
concentration

is referred to Xenon with all its isotopes

is referred to the isotope 129-Xenon mixed with the otketdpes of Xe



Chapter 1

Introduction

Qualunque cosa farai, amala come amavi
la cabina del Paradiso quand’eri picciriddu.
Nuovo cinema Paradiso (Giuseppe Tornatore)

In the 1930’s Rabi and co-workers, based on the papers of &ber Gerlach from
ten years before, studied the interaction of the spin of sopraith a magnetic field.
These quantum mechanical concepts were extended in 194&®bly 81d Purcell to
the measurement of the precession of nuclear spins in madredts. They were
awarded the Nobel Prize in Physics in 1952 for this work. €Hest steps of the Nu-
clear Magnetic Resonance (NMR) were extended in 1973 byelraut and Mansfield
by the development of magnetic resonance imaging (MRI)clviaillows acquiring
3D images and tomography. The idea was simple, since spatess with a fre-
guency (Larmor frequency) that depends on the magnetic fleédnagnetic field has
to be made spatially dependent to result in a frequency septation of the sample’s
geometry. They were awarded the Nobel Prize in Physiologyexicine in 2003 for
these worksfans73 [Laut73.

Highly resolved images can only be obtained from parts ofotbey, which are
rich in a sensitive NMR-isotope (e.g. protons) in highly nielenvironments (e.g. lig-
uids). Therefore, rigid tissues (e.g. bones) and hollowcstires (e.g. lungs) do not
contribute to the MR-image. While bones can be nicely resblwy X-ray techniques,
the diagnostic imaging techniques for pulmonary diseasa® wery limited until
MRI with hyperpolarized gases was introduced by Alletral. [Albe94).

Essentially only scinitilography of gaseous radio iso®@&Tc, 12'Xe, 133Xe, 18%Kr) can be used.
Because the radioactive dosage is limited the concentrafisuch isotopes has to be kept relatively
low, which results in poorly resolved images.
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“Hyperpolarization” means that the polarization is larjean that given by ther-
mal or Boltzmann polarization. The use of optical pumpinghvwgolarized laser in-
creases the NMR-signal up to five orders of magnitude. Thea id based on the
research of Alfred KastlerMayl0Q, who facilitated the study of atomic structures by
means of the radiation that atoms emit under excitationdiyt iand radio waves. He
was awarded the Nobel Prize in Physic in 1966 for these w@kece then the tech-
nigque of optical pumping (i.e. generating alignment of sgiy transferring angular
momentum to the spins from polarized light) has been studigdnsively and de-
veloped by several group8¢uc6q[Scheby Cole63[ Gamb63 Heil99]. Recently,
the field has expanded rapidly with the advent of inexpensig high-power diode
laser arrays. Liters ofHe or12°Xe with absolute nuclear polarizations of unity order
[Wolf04] [RuseO§ can now be routinely produced in a matter of hours.

The development of hyperpolarized gases artificially iases the signal, and
high quality MRI of gases can be achieved this w&o0pd02[Beck9§. The gain
in sensitivity and acquisition time is in principle of a grealvantage compared to
water [Char93 [Glad94. Thus, in the last decade MRI of hyperpolarized gases was
introduced for imaging of voids in porous systems, as foagmanular systems and
lungs BIUmM94 [Appe9g. A particular interesting question in spatially resolhed
periments with gases is the achievable resolution and asmtHowever, the effects
on the MRI quality which arise from the use of gases rathar tigaids have not been
discussed in detail yet.

Compared with liquids, gases have a much higher diffusiwitych strongly in-
fluences the NMR signal strength, hence the resolution apeaapnce of the images.
The influence of such diffusive processes scales with thasign coefficient of the
gas, the strength of the magnetic field gradients and thexginused in the experi-
ment. Diffusion may not only limit the MRI resolution, butsal distort the line shape
of MR images for samples, which contain boundaries or diffudarriers within the
sampled spaceSpam9p[ Swie9]. Therefore, the objective of this work was the de-
termination and quantification of the influence of gas diffuson the appearance of
MR images. Additionally, different strategies were tedt@optimize resolution and
contrast for different applications.

In Chapter 2 an introduction to the basics of NMR and MRI isegivas well as
to the principles of hyperpolarization and diffusion. Ctea@ summarizes the used
experimental devices and setups.

Chapter 4 includes the basics of the theory of particle siffa and the possi-
ble anomalies of diffusion measurements by NMR which casedriom spin current
dependence on magnetization. This dependence is studiéd®ie and3He, for



different collisions regimes through variation of pregsur

In lung imaging the hyperpolarized gas is an admixture oégas particular oxy-
gen and nitrogen. Therefore, Chapter 5 studies the diffustefficient of one com-
ponent in binary gas admixtures, comparing NMR measuremmahtsimulations of
129% e and®He in admixture with other buffer gases. For that purposevainaethod
to mix gases is presented, which can be synchronized withllhB-sequence. The
synchronization permits the reproducibility of concetitnas in the mixture with high
precision.

The change and control of the diffusion coefficient of thedewvant NMR iso-
topes,t?°Xe and®He, allow a detailed study of the MR images upon diffusiond-an
therefore upon concentration— which is presented in chdpteBy controlling and
adjusting the diffusion coefficient to the experimentalditions, these effects can be
used to improve image resolution or to enhance the signad\afies. These studies
were restricted t8He since it is commonly used in MRI.

This results can be of major importance for instance, foirtheease in resolution
and accuracy of apparent diffusion coefficient (ADC) mapkings that present a se-
vere emphysema, were the signal in the affected region wathlerwise be severely
attenuated by rapid diffusion. Finally, it should be empbed that even though the
work was centered on MR, the results can be of importancarigrexperiment that
involves field gradients, such as probing restricted difiasgnd flow in porous sys-
tems, which yield information on the structure of materials






Chapter 2

Introductory Theory

In this chapter the theoretical background will be discds8&8VIR and MRI [LeviO]]
[Call9]] [Haac99 [Erns87 [Tala9], diffusion coefficient measurement€4ll9]]
[Pric97 and laser polarized gaseBdquc6( [Cole63 [Appe04 [Appe9]. For a
deeper understanding, however, a more specific theoretesaription will be car-
ried out at the beginning of each experimental chapter contg to the topic that
will be presented.

2.1 Introduction

From the %' century BC, Democritus and Leucippus already introducedbitlief
that all matter is made up of various imperishable, indblesielements which they
called “atoma” or “indivisible units”. Of importance to thghilosophical concept of
atomism is the historical accident that, the particles ¢hamists and physicists of the
early 19" century AC thought were indivisible, were found in thé™@entury to be
composed of even smaller entities: electrons, neutron$ops and so on. This work
will focus on the the nuclei of the atoms, which are composeaddutrons and protons
(also known collectively as nucleons).

Nuclear Magnetic Resonance (NMR) is a phenomenon that seduen the nu-
clei of certain atoms are brought into a static magnetic fidhdotons (electrically
charged) and neutrons posses an intrinsic magnetism, vach due to a circulating
current.
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Figure 2.1: Distribution of spin population in energy levels due to tlotian
of a magnetic field. The shown orientation of the spin depemdée magnetic
moment, which ig1 < 0 for 3He and'?°Xe

2.1.1 Quantum Mechanical description

The intrinsic angular momentum or spin of a nucleon is charaed by a spin quan-
tum number]. Since the nucleus has both, spin and charge distributiovill ihave
an associated nuclear magnetic mompgniyhich is collinear and proportional to the
spin angular momentuin

H= VAl (2.1)

with a proportionality constany, the magnetogyric ratio (or gyromagnetic ratio) and
h =h/2mthe Dirac’s constant, which is proportional to the Planddastanth. The
response of the spin vector is to move around the magnetit fi¢gle magnetic mo-
ment of the spin moves on a cone, keeping a constant angle®etive spin magnetic
moment and the field.

The nuclei have a potential energy when brought into a magfietd of flux
densityBg. From quantum mechanics it is known that angular momentusntiae
associated energies are quantized and can only assumeteligalues. Hence in the
presence of such an external magnetic figlg the degeneracy of the eigenstates of
the nuclear spins vanishes, resultingnenergy levels with

Em = Bol = YhlBo = —myhBg (2.2)

which are proportional to the magnetic quantum nurmber —1, —1 +1,...,1 — 1,1,
whereBg = (0,0, Bp) is chosen to define thedirection.

As a result a nucleus with quantum numbenay assumel2- 1 discrete energy
levels. An observation known as Zeeman splitting. Sincewhrk exclusively deals
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with nuclei He and'?°Xe) havingl = 1/2 only two such energy levels or directions
of the spins exists (“up” and “down”) as shown in FAdL In this case the energetic
distance between the two levels of EQ are given by

AE =Ej/p—E 1/ = yhBo (2.3)

which corresponds to a frequency

AE

Wo = I YBo (2.4)

which is called thé.armor frequency.

From the quantum mechanical point of view, the energy igedlo the Hamil-
tonian of the system. For the actual case the sum of the togagg system is given
by

}A[ :}A[z—i—ﬂf[rf —I—}A[DD—|—5?[(33—|—}A[J—|—}A[Q. (2.5)

Whereﬂ}z refers to the Zeeman splitting due to the magnetic fieldﬁndefers to the
external radio frequency field used to manipulate the spseile evolution, which
are both externally applied.

The Hamiltoniam}DD refers to the direct dipole—dipole coupling interactioredu
to magnetic interactions of nuclear spins with each oﬂ}@g refers to the the chemi-
cal shift due to the indirect magnetic interaction of thelaacspins and the external
magnetic field mediated by the electromé, refers to the indirect dipole—dipole cou-
pling (J-coupling) interaction due to the magnetic interactionsiatlear spins with
each other mediated by the electrons, a}@grefers to the quadrupolar coupling due
to the electric charge distribution in the nucleus with tleetic field gradients result-
ing from surrounding charges. All of these are internal spieractions and therefore
intrinsic to the material being studied.

External spin interactions

When spins are placed into an external constant magnetidHiglthey align within
the field. The energy, and therefore the Zeeman Hamiltorsagual to this described
in Eq2.2

Hz = Em= Bop = ViilBo = —my/iBg . (2.6)

If a short and strong time-dependent magnetic fi@g,, is applied in thex-
direction by means of a r.f. coil with a phagend frequency oscillatioa;, the field
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will be given by

Brf = Brf cog st + @)ey (2.7)

whereB;¢ is the maximum oscillation amplitude. It is convenient tgualize this
oscillating field as two counter rotating vectors represgnthe resonant and non-
resonant components. The resonant component rotatesheitharmor precession
and the non-resonant component in the opposite direction:

B .
BF° = 7” [coq wnt + @) e+ sin(wit + @)ey] (2.8)

B )
BT S = 7” [cog wrt + @)ey — sin(wit + ¢)gy] (2.9)

Although it wastes half of the r.f. field, the non-resonanmponent has almost
no influence on the spins and may be neglecteaviD1]. Then, the corresponding
Hamiltonian for the effect of an r.f. pulse is:

Hyt ~ —yhBy [cos(wnt + @) Ty + sin(wnt + @)ly] (2.10)

whereB; = %Brf. The quantity|yB;| is proportional to the peak r.f. field in the
coil. This is called the nutation frequenay,, and is a measure of how strongly
the r.f. field influences the resonant spins.

Internal spin interactions

In usual NMR experiments internal spin interactions arentost important source
of information [LeviO]] [Call9]][ Tala9]. However, since this work only deals with
3He and'?°Xe for imaging purposes, the internal spin interactions @RE can be
ignored for the following reasons:

e For spinsl = 1/2 there are no electric energy terms which depend on the ori-
entation or internal structure of the nucleus, i.e. all spehave like a single point
charge at the nuclear center, so there is no quadrupoleati@n.

e The J-coupling provides a direct spectral manifestation of thenaical bond.
As 3He and!?°Xe are atoms that do not form molecules under the experirenita
ditions carried out in this experiments of this wotkgcoupling do not have to be
considered. The same argument also applies to the cherhittahseraction.

e Direct dipole—dipole interaction had been recently obsénn 3He gas at am-
bient temperature but at high pressures to slow down thesilifh [Zaen0T, experi-
mental conditions that won't be used in this work.
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Finally, the evolution of the spin system is described by tihge-dependent
Schrédiger equation

d -
W) =~ W), (2.11)

Quantum mechanics has therefore given an explanation ébdhaviour of a
nuclear spin; a single nucleus in isolation. However uguglk dealt with large en-
sembles in which different nuclei may occupy differentesa’(t)). The description
must therefore account for the ensemble averages. Thises lop representing the
average by a sum over all subensembles, each with classaizglity N;. In each
subensemble all nuclei are in identical stat€ét)). For example, the averaged ex-
pectation value along theaxis then becomes

POILIPO) = 3 N 00| l61(0) (2.12)

where the bar over a quantity is taken to represent the angraf the subensembles
and |¢i(t)) represent the eigenstates. For the case of Ispirl/2, the expectation
value is given by

WOL0) = 5 (NP INF). 213)

whereN,. andN_ are the number of spinsin ting = +1/2 and them = —1/2 states
respectively.

2.1.2 Semi-classical description

From the semi-classical point of vielN, corresponds to the population of the energy
levels of Fig2.1 The population of the two energy levels is very similar,dese the
energy difference is small compared to the thermal energhebystem at ambient
temperature. The ratio of the populations in thermal elguiim at temperature is then
given by a Boltzmann distribution

Ny AEN RS A ¥Bo
N—_exp(_kBT) _exp( kBT) _exp( kBT) (234

wherekg is Boltzmann’s constant ardis the temperature in kelvin. A related quan-
tity is the polarizationPs, which describes the excess population of the two energy
levels
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_Ne=Ne o ( YBo
Ps = NN tanh(ZkBT) : (2.15)

This expression is simplified by the fact that the thermakgyé much bigger
than the magnetic dipole energy, thlis>> huwg/kg. This is the so-called “high
temperature” approximation, in which 2ql5becomes

[ hyBo

For example®He or1H nuclei at room temperature and a magnet field @74
have a polarization of 19.6 and 26.1 per million respecyivel

Finally the observable NMR-signal has an intensity whicprigportional to the
sum of all magnetic moments. This macroscopic magnetizailg, is then given by

¥ Ngh
Mo= 3 by = 21 247)
J

whereNs = N; + N_ is the total number of spins.

In order to observe such a signal, the thermal equilibriunstrbe perturbed by
applying an additional magnetic field exactly at the resoparondition described by
Eq2.4 This perturbation field is that one relatedfrof of Eq2.1Q The r.f. field can
tip the spins, and with it the magnetization when= wy.

In a classical picture this applies a torqug; = 1 x B, to the magnetic dipoles or
in a quantum magnetic description generates transitiotsga® the two energy lev-
els. Classically the torque corresponds to a displacenféheanagnetization vector
described by the following equation of motion

%VI =yM x B (2.18)
where B consists of both, the static applied fieRh = (0,0,Bp) defining thez-
direction, and the magnetic vector of the radio frequendy fiz. The latter can
be thought of as a field rotating in tixey plane at angular frequeneyy, = wy. Thus

the classical picture of th® components are

B = (B1cogwpt), —Bj sin(uxt ), Bo) (2.19)

Equation2.18and2.19 may then be combined to give three equations for the time
dependence of the componentswf also known as the Bloch equations:
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v

Figure 2.2: Representation of magnetization veckdg tipped by an angle:

(a) in a static reference frame, where it precesses aroerzatkis and (b) in the
rotating coordinate frameéRCF), where the magnetization vector appears static
if the entire coordinate frame rotates with the angulardesgcyw ~ wy around

the z-direction.

dv :

dtx = Y[MyBog— M,Bysin(uxt)]

dm

i = Y[-MiBo+M;B;cosaxt)] (2.20)
dMm, _

el Y [MxB1 coguxt) + MyB1 sin(uxt)]

These equations are not yet complete, since they do not actmurelaxation
times.

2.2 The rotating coordinate frame

In a classical representation, the magnetization is vieagesl vector aligned with the
external magnetic field. The perturbation/excitation fiBidcauses then a complex
motion of this vector by moving it away from theeaxis in spiral with frequencyy as
explained by EQ®.20 To simplify the description of NMR experiments, the cortcep
of the rotating coordinate fram@RCF: X,y',Z = z) is introduced, which rotates at
an angular velocity ofo = wg around thez-axis, as illustrated by Fig.2 Hence, the
notation of the magnetization vector during an NMR expentggeatly simplifies.

Equation2.18in theRCF (rotating with angular frequenay) is then derived from
the static frame of reference by
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dv ) <dM )
— = (= +M xw (2.21)
< dt RCF dt Static

rearranging terms in this equation, the following is ob¢gin

dM

(E) — VM X B+YM X @y =M x Bt (2.22)
RCF

where the ternw/y has the dimensions of a magnetic field and can be considered a
“fictitious” field, Befs, that arises from the effect of the rotation, with

Betf =B+ w/y (2.23)

Equation2.22 demonstrates that the ordinary equations of motion agdykcia
the laboratory frame are valid in the rotating frame as webyidedBe+f, as defined
in the Bloch equations, is used in placeBxfHence the complete expression is

-
Beft =Bo+®/y+B1= Q)OTGZ+ B1 (2.24)

2.3 Relaxation times

The return to the equilibrium of the magnetization after acitation pulse is dom-
inated basically by two characteristics processes; orsewlto the magnetic field
alignment and the other to the loss of phase coherence inetieetdd signal, i.e. in
the rotatingx-y plane.

2.3.1 Spin-Lattice Relaxation

The application of at/2 pulse perturbs the spins from their thermal equilibrium
causing the net magnetizatidfy to rotate into thex—y plane, while the longitudi-
nal componenM; becomes zero. After the application of the pulse, the s@nd t
to return back to equilibrium by exchanging energy with tiseirrounding neighbor-
hood, the so-called lattice. This is achieved through axegilan mechanism which is
called “spin-lattice relaxation” and it is described by gpn-lattice relaxation time
T1. This relaxation describes the restoratioviifback to its initial valueMg after the
application of thet/2 pulse. The relaxation rate bf, is described by the equation

dM, Mz — Mg

R (2.25)
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with the solution
MAU::M0<1—e4fH>. (2.26)

In the case of laser polarized gasésjs also the characteristic time of the en-
semble to recover the thermal equilibriumMy. However, as for optical pumped
gas the magnetization exceeds the thermal ®ndpes not describe a magnetization
recovery, but a decay without the need of applying any r.lsquln other words, it
can be described as a polarization decay to the Boltzmannetiagtion,Mo, given
by

M_(t) = M(0)e /T 4+ Mo (2.27)

whereT; depends mainly on the following relaxation mechanisms:

1 1 1 1 1

= = + + 55+ =5 +
T TlGrad T¥Vall -I-lDlp -|-102 (TlvdWaIIs

in the case of Xé (2.28)

which are described in the following:
» Gradient relaxation

In the presence of a magnetic field gradient, a moving atomexgerience dif-
ferent magnetic field strengths. If the field fluctuations@ose to the transition fre-
quencyw = |AE| /i between Zeemann energy levels of £8, then spin flips can be
induced, what result in a destruction of polarization with following rate che6%

2 2
1 _D<m&|+m%}> 2.26)

Grad 2
Tl BO

|0By[*+| 0By |
1087 OBy

where is the relative transversal gradient adds the diffusion coeffi-

0
cient. This relation is only valid when the magnetic field ahd gas pressutere
sufficiently large, so that
2
% S>> 1 (2.30)

wherewy is the Larmor frequency andis the radius of the gas contain€dte88.

* Wall Relaxation

lsee E4.13
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The surface relaxation mechanisms of laser polarized gasesomplexIFitz69
[Drie95, however can be outlined as

1 1S

where\% is the surface-to-volume ratio of the gas container gnd a coefficient
dependent on the surface material, the temperature, anddgaetic field strength.
Additionally, it is shown Schm04 that small quantities of ferromagnetic materials in
glass cells, which are commonly used to store laser pothgases, can dominate the
relaxation process due to magnetization if the cells haea bise to strong magnetic
fields. The characteristic hysteresis curve have been bsgreed in such cases where
the relaxation time otHe is reduced from 2a@oursto 10hours[Schm06[SchmO06h

 Dipolar Relaxation

Dipolar relaxation is caused by atomic collisions, duringiefa nuclear spins
couple via magnetic dipole interaction, transferring tle@iergy into a relative angular
momentum. As a result, the nuclear polarization is lost. fEse&lting relaxation rates
at room temperature have been derived®fde [Newb93 and1%°Xe [Hunt63:

1 p 3
TP ~ 817 bar for °He (2.32)
1
and 1 0
_ — for 129 2.
TOP ~lh-bar (233)

wherep is given inbar andh means hours. This relaxation effect is only relevant at
high pressures limiting long storages.

« Paramagnetic oxygen

Paramagnetic gases are also important as a depolarizatitor.f The most im-
portant paramagnetic gas is oxygen since it is usually iable in medical research.
The oxygen-induced depolarization rate has been emgyridatermined for'?°xe
[Jame8BandHe [Saam9%according to

1 273 ( 299\ *42
0452 3( 99) for 3He (2.34)

TOZ 1013 T \ T

and

1 poz 273 /300\%% g
=~ =0.388 for 129K 2.35
T2 1013 T ( T ) or— e (2.35)
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givenin 1/s, T in kelvin and the oxygen partial pressyse; in bar. These equations
are valid for a temperature range from ROt 40(K.

* Van der Waals Bound

Channet al. [Chan02 reported a hew mechanism of depolarization ¥étXe
given by the spin rotation coupling in bound Xe—Xe van der M/a@olecules. Under
usual clinical conditions, this kind of relaxation can besidlered as constant

1 -1
1

2.3.2 Spin—Spin Relaxation

Following theTt/2 pulse, the tipped spins in the rotating transverseplane have
phase coherence but soon they move out of phase due to fiethodeneities, in-
ternuclear dipole—dipole interactions, chemical shifig ather types of inter-nuclear
interactions. This loss of phase coherence is called “spim+elaxation” and it is de-
scribed by the spin—spin relaxation tinig The rate of change of the magnetization
in the rotating«—y plane is described by the equation:

=—— 2.37
dt T ( )
resulting

In solids, internuclear dipole—dipole interactions amefpund and they cause very
strong relaxation with a shoif;, while in liquids and gases these interactions are
usually averaged out due to the Brownian movement of thecpestwhich results in
T, <T.

* Free Induction Decay (FID)

In pulsed NMR-experiments an intense r.f. pulse with ancéiffe amplitudeB;
is applied (see EG.10. The direction of notation of the magnetization in the tiotg
coordinate frameRCF) is described by the phase of the pulse, which defines the
direction ofB1 in the x-y plane. Then the magnetization will rotate abButwith an
angular velocityw, = yB;. A pulse of durationt, will therefore tip the magnetization
by an anglex = yBatp.
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0 20 40 60 80 100
fime
Figure 2.3: Free Induction Decay (FID), in blue, showing the exponéi&

cay with T, , in red. The oscillation is due to a small offset from the Larm
frequency which leads to the beat frequefdcy = w— wy (see FigR.2).

The pulses are then classified by this tip angle and the rds@lfe.gx pulse,
which rotatesM around the rotating’, see Fig2.2). The oscillation of the macro-
scopic magnetization induces a small alternating curmnerih@ receiver coil. This
sinusoidal oscillating current alp decays exponentially with time, see RA@.

In inhomogeneouBy fields, the rotating spins in the transverse plane expegienc
different fields and rotate at slightly different angulagduencies. This leads to an
additional loss of phase coherence which causes the smdatty more quickly than
the time constant,. This signal decay, which is generally met (see Ei), is called
the “Free Induction Decay” (FID) and it is characterized bg time constant; in
the rotatingx—y plane (consideringly << Ty)):

Myy(t) = Moe VT2, (2.39)

where at timg = 0 theTt/2-pulse is applied, and the relation betweenThand T,
time constants is given by the equation
1 1 1
—=—+—+VYAB 2.40
T - T +YABo (2.40)

whereT, is an additional term which arises from local changes in tlagmetic sus-
ceptibility of the sampleHlaac99, andyABg are inhomogeneities in the external field
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experienced by the spin (usually due to the movement of thec|eg.

2.3.3 Relaxation in porous media

Porous media are characterized by a large surface to volatioe f He and Xe are
inside a porous media at room temperature and ambient pegssith pores sizes
smaller than inm during a normal acquisition time ofndsthey can easily collide
with the pore walls due to their diffusional motion (see getR.6). Then the decay
factor 1/T)V@! can be the dominant decay time in EQ8

One relaxation mechanism for spins in pores involves thegmee of strong re-
laxationsinksat the pore surfaceCall91. Thesesinksmay be due to the presence
of paramagnetic centers at the surface, to dephasing cayssitbng local magnetic
field gradients or to the momentary reduction in rotationathling experienced by a
molecule as it adheres to the surface.

Clearly the ratio of the pore surface to pore volume will vaocording to the
pore size so that a priori we might expect the overall relardbehaviour to be simi-
larly size dependent. The problem can be solved by a cldSsegnetization diffu-
sion” approach of the Bloch equations assigning a spatiadignetization distribution,
Pm(r,t), which obeys the following differential equatiorBrpw79:

ap
2. O0Pm
DUpm= o (2.41)
and
(Dnme+ npm>surf: 0 (2.42)

wheren is the unitary vector perpendicular to the surface gnthe sink strength
[Call9]].

Equation2.41is applied within the volume of the pore and Ed2in the surface.
In general the solution takes the form of a sum of normal medesh depend on the
geometry and :

S(t) = S(0) _iﬂqet/fi (2.43)

assuming the initial conditiopm(r,0)) = S(0)/V. This equation can describe either
theT; or T, relaxation process, depending on the valug chosen. The parameters
which determiné\ andt; are the molecular self-diffusion coefficief, the pore size,
and the average value gfover the surface. This last parameter is somewhat empirical
and a variety of methods are employed in its estimati@allP1].
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2.4 Magnetic Field Gradients

Spatial information can be introduced in NMR in a straightafard way, by mak-
ing the observed frequency spatially dependent. The dasig to realize this
is to perform the experiment with an additional spatiallyyag magnetic field,
By (r), wherewy (r) = yB;(r), which is superposed to the static magnetic fididas
B(r) =Bo+ B (r). Usually this additional field has a linear dependence onespe. a
constant gradient.
For instance a magnetic field gradient in thdirection is given byGy = aBaf)((r)

and will cause the following dependence of the NMR-freqyemnt space

0B (r)
0Xx

wW(X) =va=v<Bo+x )IV(Bo—l-XGx) = o+ YGxX . (2.44)

2.4.1 Spatially dependent NMR signals, k-space

Without any field variation and without any motion of the spithe NMR signal can
be expressed as a spatial integral with a local weightinmfaa(r ), the spin spatially
distribution density:

St) = / p(r)e Yoty | (2.45)
Hence, in the presence of a gradient in ¥hdirection the expression of E2j44 has
to be substituted:

(o]

S(t) = / p(x)e VBo Gt g (2.46)
Mansfield Mans73 introduced the concept of a reciprocal space vedtpde-
fined by

t2
Y
on) G(t)dt (2.47)
t

k =

for a gradient lasting frorty to to. Thek-vector has a magnitude expressed in units of
reciprocal space, and from E47it becomes clear that tHespace may be sampled
by changing either the duration of the gradient or the gradienplitude.
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Figure 2.4: Principle of frequency encoding. The situations of twoetiéntly
shaped samples in a homogeneous magnetic field (left) aidawitadditional
gradient field (right) are showm: 3D representation of the objecB: Projec-
tion along the y-axisC: NMR spectra of the objects.

The frequency-encoded spatial distribution (image) camoevered by a Fourier
transformation of the time signal in Ej46

p() = - [ Sikoe Pl (2.48)

which for a one dimensional case corresponds to a 1D projecfi the spin density,
as illustrated in Fig.4.

This concept can be easily be extended to two or more dimesibypintroducing
further gradients, e.g. for a complete 3D-image

o(r) = %{/S(k)eizmdk. (2.49)

Hence, the size and resolution of the image is defined by thekaspace is
scanned. Thé&-vector, on the other hand, can be scaled by changing eitiesrgsh
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b) c)

X
X

Figure 2.5: a) A gradient is applied in the-direction of a sample (blue rectan-
gle) b) The spin ensemble before is flipped and representie imtating frame
(RCF), o= 0. c) After a certain time, depending on its position (i.eadient
strength) the spins will be dephasau;- yGyxt. The bigger the magnetic field ,
the more dephased are the spins.

or duration of the gradient pulses in an imaging sequence.

2.4.2 The spatial phase

As a frequency is only a temporal change of phase, %‘p, Eg2.44can be integrated
in the reference coordinate frame to

or,t) =y / ()G (t)d (2.50)
0

which is the phase evolution at positiorduring the application of an arbitrary gra-
dient shape(t’), during timet, as shown in Fi@.5. This also explains the loss of
phase coherence in the presence of field inhomogeneitiélsisicase a gradient, as
discussed in EQ.4Q

For a static sample (i.e(t) = r) this equation simplifies to

t

o(r.1) :yr/G(t’)dt’:2T|k(t)r (2.51)
0

The product okr can therefore be identified as a phase.
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2.4.3 Echoes

The application of gradients rapidly dephases the NMR sifgee Fig2.6), which
makes the concept of rephasing echo sequences very fazdoakthe complete acqui-
sition of the NMR signal. For NMR imaging sequences two sgags of refocusing
such dephased signals are of importance, one is using Iseg(the so-called Hahn-
or spin-echo) and the other gradients (hence called gradeho).

The latter is easily understood, because2Ex already shows that any dephas-
ing due to the application of a gradient pulse can be undonenmrting the sign
of the gradient. This Gradient Echo (GE) acts as follows: .&rpulse excites the
spins and brings a noticeable component of the magnetizatto the rotating«—y
plane. Subsequently, a gradigatinduces a rapid dephasing of the spins during a
time T, resulting in a phase spreamdefphase: yG 1, where a static sample(t) =r)
and rectangular gradient shapg@({) = G) are assumed. Rephasing is achieved by
inverting the gradient amplitude te G , so that after a tima all phase spread
is refocusedA(p%%hase: yr(—G)t. The total phase after ar2ime (echo time) is
A(pdG(Ephase+ A(p%%hase: 0. This is identical to the spins reaching their initial posi
tion in theRCF independent on their spatial position, the definition of ahce(see
Fig.2.6).

The rephasing and dephasing of this echo is recorded in #s=pce of the 2nd
gradient of Fig2.6, which therefore must have a duration at Z'his corresponds to
the acquisition of an horizontal line in tlkespace (see Fig.7 from point 3 to point
4).

Alternatively, an echo can also be generated by invertirgyephase of the spin
system. This can be done by the application ofpulse at a time in the center of
the sequence, which inverts the phase distribution symeaéto its direction in the
RCF, applying the second gradient without inversion.

Such spin-echoes allow for complete rephasing indepenafettite field inho-
mogeneities (the gradient is switched on during the engguence without inver-
sion). Therefore, changes in local susceptibilities arfbimogeneities of the main
magnetic field are also refocused. Of course, the gradidmd susses such “extra-
inhomogeneities” because it can only refocus the phassadptue to the field inho-
mogeneity of the gradient field itself.

Nevertheless, the gradient echo is more favorable for sssnphich are not in
thermal equilibrium (e.g. hyperpolarized gases). Thiseasauwse so far the inhomo-
geneity in theB; field was neglected. This is usually bigger than the imp&das
in Bp. In reality ate-pulse will therefore only cause a perfect phase inverstoraf
very small region of the sample and destroy significant artsoohhyperpolarization
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Figure 2.6: a)Graphic representation of gradient echo sequence: Thinm
shows the r.f. excitation (green) and the resulting NMR aignof which the
latter is the gradient echo. The central row depicts theigra@dmplitude which
is reversed during the second pulse to invert the phasedsgieawn in b). Here
the gradient is also represented over the sample as a forattigpace. In the
RCF (bottom) the individual phases at different locations igated by color)
and different times in the sequence are shown.
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everywhere else. An effect less important in the case ofignddchoes, since the first
and only r.f. pulse can be set to very small amplitude (tyijhica—10") due to the
large magnetization.

2.5 Spatial resolution (MRI)

So far only the concept of frequency encoding has been disduis sectior.4.
Therefore, a gradient is switched on during the sampling@MNMR signal. In order
to acquire a complete trajectory kaspace, th&-vector and the associated phase, see
Eqg2.51, must firstly become negative and evolve through a condémunals to zero
(that is the echo maximum) to a corresponding positive valles corresponds to a
dephasing interval (points 1-2 in F&J7) to achieve a maximal negatikeread value
followed by a rephasing interval centered on the maximunmefecho (points 3—4 in
Fig.2.7). Because the complete signal is recorded during thisvakethe associated
gradient is called “read”.

The field of view EOV), i.e. the maximum region which can be imaged, depends

in general on the intervalk used to sample thie-spaceFOV = 1/Ak [Haac99. In
the case of frequency encoding, it depends on the sampfimgy the “dwell time”
(DW) between the acquisition of two data points, and the gradieangthG,eaq as
follows [Haac99:

21 nrt
FOVieag= ——————— or FOV,eaq =
read YGread DW read YGreadl

wheren is the number of sampled data points arid defined in Fig2.7.

(2.52)

Perpendicular directions d&f-space are then accessible by adding a phase con-
tribution to thek-vector prior to sampling. This is typically done in the dapimg
interval during which an additional gradient is switched (bilue stepped gradient
in Fig.2.7). This sets a second component of #gector, which then points in the
second dimension df-space. Because only one such step is possible per “read’-
trajectory, the procedure has to be incrementally repeategparate experiments.
This gradient manifests its influence on the recorded sigolaly by a spatial phase,
see EQR.5], therefore it is called the “phase” gradient.

The phase gradient is kept constant during the timbut its amplitude is incre-
mented byAGphasefrom experiment to experiment (see Fg). The phase change of
the NMR signal is proportional to the location of the spinsvhich solving EcR.51
for the sequence of Fig.7 gives
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Figure 2.7: Time diagram of a 2D gradient-echo imaging sequence (leff) a
the resulting path througk-space (right): The numbers indicate the position in
the k-space reached at certain times during the sequence. Poartelsponds
to k = (0,0) . The read gradient dephases the spins, hence pushing tt ass
ated componentk-read, to its positive maximum. However, at the same time
an orthogonal gradient adds another phase contributignltireg in ak-vector
pointing to 3. A gradient inversion subsequently beginsweit the phase evo-
lution of the spin system. Then the rephasing starts, andN® signal is
acquired (marked with green arrows). Leaving the read gradin for twice the
dephasing duratiort, samples a complete horizontal linekirspace (from point

3 to 4). In repeating this process for different strengthshefphase gradient,
the entirek-space is sampled.
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Figure 2.8: Slice selection pulse: sinc shaped pulse in the time domain rep-
resents a square frequency selection after Fourier tnanafmon. By parallel
application of a bipolar gradient, only spins in a certainesbf the sample are
escited (see text for details).

pulse

AQ = YTAG phasd (2.53)

Hence, for this method, thespace is sampled by incrementi@ghaseinstead of
the time, and th& QV is given by Haac99

21
VAGphasé[.
Typically a combination of both, frequency and phase enwptiechniques, are

used as shown in Fig.7.

The concept ok-space sampling can easily be extended to 3D by adding a sec-
ond phase gradient to the sequence, which is then steppediindependent loop.
However, this is a very time consuming process and enormatasseits are produced,
because a complete third dimension has to be acquired. aljypanly a limited region
of a sample is of interest anyway, therefore only a few slibesugh this volume are
sufficient. Such NMR tomography can be realized by the apfiio of slice selective
r.f. excitation with shaped pulses.

The principle of selective excitation is depicted in Ri@. A sincshaped pulse
(sin(x)/x) excites a rectangular spectrum in the frequency domain filstapproxi-
mation the excitation pulse lengthseis inversely proportional to the spectral width
Awpyiseexcited by this pulse, see FA8.

A long “soft” pulse, which is often modulated in shape, cagréfore selectively
excite only a part of the whole spectrum. In presence of agnadhis leads to a slice

F OVPhase: (2 : 54)
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Time=t t

Figure 2.9: Representation of self-diffusion: translation of a pagtin space
and time (trajectory and axis in red) and, superposed irkbliés probability
function for moving fromr to r’ in a timet. The probability is a Gaussian
described by EQ.60

selection, as the spectrum is the projection of the samplegahe gradient direction
(see Fig2.4). As the phases of the excited spins start to dephase alckatg the
time of the slice selection pulse under influence of the graidiusually a refocusing
gradient pulse is applied with inverted amplitude and Hedfttme of the r.f. pulse (see
Fig.2.8). Hereby, ideally all spin phases in the slice are refocused

2.6 Diffusion

Diffusion is usually defined as the transport of matter (§gsid or solid mixtures) by
relative movement of the particles in concentration, terajpee or pressure gradients.

2.6.1 Statistical description

The classical description of diffusion is given by Fick’'svig (diffusion at constant
temperature and pressure).

J(r,t) = —D0Oc(r,t) (2.55)

This equation states that a gradient of concentrationé;,t), is proportional to
the induced flux of matted(r,t), wherer is the position of the particle at the tinhe
as defined in Fi@.9. The factor of proportionality is the diffusion coefficienr more
generally the diffusion tensor. It is a tensor because mater diffuse differently
depending on the direction.
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Combining the continuity equation

oc(r,t)
ot
with Eq2.55 Fick’s second law is obtained to describe the temporal\aebaof the
concentration

= —0J(r,t) (2.56)

oc(r,t)
ot
However this model of diffusion does not give a good explamadf the move-
ment of a particle when the concentration plays no role,vifeen the particle is
moving in the absence of a concentration gradient, the $edcaélf-diffusion. Self-
diffusion is the random translational motion of moleculeseh by internal kinetic
energy, it is also closely related to molecular size, asntlmaseen from the Stokes-
Einstein equation :

= ODOc(r,t) (2.57)

o keT
fr
whereT is the temperature of the systeri,is the friction coefficient an® is the
scalar diffusion coefficient, i.e. the diffusion tensor wheis completely isotropic.
The friction coefficientf, is not easy to calculate because molecular shapes are com-
plicated and may include contributions from factors suchyration. Therefore, a
statistical description of self-diffusion is usually maeccessful. For this purpose a
correlation functiorP(r|r’,t), which describes the probability of the movement of a
particle fromr tor’ in a timet, is introduced. This correlation function also follows
Fick’s second law:

(2.58)

oP(r|r',t)
ot
For isotropic diffusion a solution of ER.59 is a Gaussian, as depicted in
Fig.2.9Callo]]

= ODOP(r|r',t). (2.59)

g (r'=r)?/(4Dt)
P(r|r',t) = ——n——. (2.60)
(41Dt )3
Another important parameter for the description of diftusis the mean path that
the particle travels during a certain time. This parameteiso known as the mean
square displacement and is given by the Einstein-Smoluskiogguation Eins0§
[Smol0g:
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{(r'—r)?) = 2nDt (2.61)

wherenis the number of dimensions in which the particle is allowechbve [Call9]].

2.6.2 Restricted Diffusion

The considerations made above are only valid for particl@simare allowed to move
everywhere, resulting in a Gaussian probability. Howeneality is different and usu-
ally diffusion is spatially restricted. In such a case thelability function will be
different and harder to calculate. Therefotea ratio between the measured (experi-
mental or apparent) diffusion coefficie®PC(t), which is generally time dependent
and the diffusion coefficient for the free diffusion (unrésed),D, is defined Pric97.
This dimensionless variabfewill indicate the level of restriction due to obstacles.

2n ADC(t)t
<(r/_r)2>free

where((r’ — r)2>free is the mean square displacement of the particle when its#fu
freely.

E(t) = (2.62)

There will be two different regimes & depending on the time used to measure
the diffusion. Measurements for a short time do not allow piagticles to collide
extensively with the walls that limit the movemeAC ~ D). On the other hand in
long time limit measurements of the mean square displaceof¢ne particle have to
be the cavity sizeADC < D).

If the shape of the cavity deviates from a sphere, then thereed diffusion
coefficient also depends on the direction of the measurerhetite case of a cylinder
parallel to thez-axis, as shown in Fig.1Q the diffusion in thex- or y-direction is
restricted by the diameter while it is free along theirection

Thus the diffusion coefficient becomes a tensor. In real $asrthis is the most
common case and the most general description. Because sifjthendependence of
the diffusing particle mean pa(mr’ — r)2>, the tensor is symmetric and can be written
as:

D11 D12 Dai3
D= Di2 D22 D23
D13 D23 Dgs3
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Figure 2.10: Particle diffusing inside a cylinder parallel to tlzeaxis. The
empty circle represents a particle when its position isajt encoded and the
full one when the measurement stops. The red arrows showsdha square
displacement along to each axis.

2.6.3 Determination of the diffusion coefficient by NMR

Because diffusion is defined by the distance a particle lsaamdomly in a certain
time, it is clear that spatially varying magnetic fields, ffield gradients, can be used
to observe its influence on the NMR signal. Therefore, twaligrras of identical in-
tensity and duration but opposite direction are added toASH.sequenceHaas86,
as shown in Fi.11(a). In case of static particles , the dephasing of the spims d
ing the first gradient is perfectly rephased and results in@rattenuated echo, see
Fig.2.11(b). However if the particles diffuse, they change theirippos during the
experiment and hence their phase spread is no longer ref@@esfectly, resulting in
an attenuation of the echo, see Rid1(c).

This process can be expressed by rewriting2Ein a more general form in-
cluding Eq2.60

v |nyrdt
St,G) = / /p P(r|r',t)e drdr’ (2.63)

where the densityp(r), is weighted by the correlation functioR(r|r’,t). To solve
this equation, the magnitude and the duration of the apgliadients, as well as the
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Figure 2.11: Difference of dephasing and rephasing between a diffusamti-p

cle and a static particle. Since the static particle is atatythe same position
in the gradient, its phase is completely refocused (as itREg However, as

the diffusing particle moves, its spin is not completelyorefsed which leads to
a loss of echo signal related to the diffusion.

times of the r.f. pulses, have to be known. For the sequengietdd in Fig2.11 (a)
this gives the following solution:

S(G,8,4) on [A=D
E(G,,A)=—""—= -y GDd | — 2.64
also known as Stejskal-Tanner equatiSte]j63. E(G, d,A) defines a normalized echo
attenuation, which depends on the gradient duramnd intervalA as defined in

Fig.2.11(a). It does not depend on the dengity ) sincep(r) is time independent.

In the absence of gradient, the echo intenBit9, d,A) is maximal. By increasing
the gradient intensity, the echo sigrialG, d,A) decreases due to the influence of
diffusion, which leads to an imperfect refocusing of thengphases.

Since in a real experiment, perfect rectangular gradielsiggilcannot be realised,
the ideal gradient shape of a step function is artificiallyosthed by applying short
ramps during a timeat the beginning and the end of the pulses as depicted i2.ER).
The solution of ER.63for such trapezoidal gradients results in the followingresp
sion for the echo attenuatio@hen99
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Figure 2.12: Timing diagram in the diffusion sequence for trapezoidadir
ents, in a spin echo sequence, (a), and in a gradient echersaxjub).

E(G,d,A) _exp{ —y?*G°D [ (A—;é) +§—Z—5%2]} . (2.65)

Varying the strength o6 in a diffusion sequence will produce a Gaussian depen-
dence of the echo amplitude on the gradient strength. Thesth coefficient can be
obtained by fitting such curve with a linear regression d rersusG?.

In the case of anisotropic diffusion, E§®5and2.64 have to be modified by
the tensorial description of the diffusion coefficient (witleal gradients, i.es — 0)
[Pric97]

A—
E(G,5,A) = exp{ VGDGd? ( 3 6)} (2.66)
where the product of gradients and diffusion tensor resyit

D11 D12 Di3 Gy
GDG = (Gx,Gy,Gz) | D12 D22 Dos Gy
D13 D23 Ds3 G,

Because of the symmetric nature of the tensor only 6 diftedéfusion coeffi-
cients have to be determined; for example the gradientttbrexxx, yy, zz, Xy, Xz, yz
in the following equation derived from E2}66

INE(G,8,A) = —y*&*(A— 6/3) GiDi ;Gj. (2.67)
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Measurement in restricted geometries

In case of restricted diffusion E&59 can be no longer solved exclusively in the
time domain (i.e. the NMR sequence acting on freely diffggparticles), because
P(r|r’,t) then obviously has spatial “cut-offs” which have to be taketo account.
This represents a severe complication and can only be salvalgtically for simple
geometries, which are only summarized here (for detail$§Gak91]). The analytical
solutions for a rectangular (i.e. walls in a dista@aggea cylindrical and spherical pore
of radiusa are listed below:

» Rectangular

. [ _i2 _ i
L
(2.68)

 Cylindrical

E(q _exp{ ZyzGZZf a; } (2.69)

:2D6a;2—2+2exp(—DaiA)+2eX|c(Dor,) expg—Daj(A+ 8)] — exg—Da;(A — 8)]

D20%(a20? - 1)
(2.70)
where thea; are the roots of the following Bessel-function equatmak(a;a) =

Ji(aja).

» Spherical
E(q _exp{ 2y2GZZg (Bi) } (2.71)
with
25 2+exp—PB?D(A—8)|—2exd—BfDS]  exp—B?D(A+8)]+expRZDJ]
ZD 4D2 4D2
o(B) =" i B' (2.72)

BF(Bfa—2)
where theB; are the roots of the following Bessel-function equatihal; /Z(Bia) =
333/2(Bia).
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2.7 Hyperpolarization Methods

Conventional NMR methods suffer from a main problem thattliitmeir power and
applicability; a notorious lack of sensitivity. This fundantal insensitivity originates
from the minuscule size of nuclear magnetic moments, whashlts in an exceedingly
small equilibrium nuclear spin polarization in even thethigagnet fields, as already
shown in sectior2.1.2

My T ﬁ é ﬁ ﬁ ﬁ By

QOptical l Pumping

1

Figure 2.13: Effect of nuclear polarization of an ensemble of spin-1/2laeiin
comparison with the Boltzmann distribution. In the top iredg depicted the
thermal equilibrium; the number of spins aligned anti-faldo the magnetic
field is nearly equal to the number of spins aligned parakedulting in a small
polarization. In the bottom image is depicted the opticahping polarization;
with optical pumping the population distribution of therspican be driven away
from equilibrium, thereby increasing the polarization tder unity [Good032.

In certain systems, however, the sensitivity of NMR spesttopy and MRI can be
greatly enhanced via optical pumping. In that case, angontanentum is transferred
from laser photons to electron spins and finally via magreetipling (hyperfine inter-
action) to nuclear spins, thereby temporarily enhanciegticlear spin polarization in
these systems by four to five orders of magnitude, as scheattgshown in Fig2.13

Two methods are common to achieve optical pumping of nudpis of noble
gases: alkali metal spin exchange, (used$8xe or®He), [Bouc6q and metastability
exchange, (used fdHe) [Cole63.
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(a) Collisional Mixing (a)

~49,5%

Figure 2.14: Alkali-metal optical-pumping/spin-exchange procesga¥ Opti-

cal pumping process of the D1 transition in Rb metal, by ¢&cpolarizedo ..
laser light. The excited states are mixed by gas collisiorts radiation trap-
ping is avoided by the admixture of;Nas a quench gas. (b) Exchange via the
formation of van der Waals molecules by collisions withad low pressures.

2.7.1 Alkali Metal exchange

It is well know that alkali metals vapour can be optically gaed [Good02. There-
fore using saturated rubidium vapour at temperatures letw60C and 200C, in-
side a pump cell made from glass, that does not suffer damegpaube of chemical
reactions. Rubidium vapour can be optically pumped withreutarly polarized laser
light with a wave length oA = 795rm The optical pumping cell contains a gas ad-
mixture of*He, Np, the isotope to polarizé{®Xe or3He) and the alkali metal vapour
at elevated pressures (%af). Both,1%%Xe or 3He, can be polarized by this method,
nevertheless the explanation will focusBfXe. Nitrogen is needed to make possible
non-radiative transitions to the ground state, and witiyuthe unpolarized fluores-
cence light will be absorbed again by the alkali atoms, tlgsicing drastically the
achievable electronic polarization.

The process has two steps; firstly the valence electronsaficum are polarized
by the laser, reaching polarizations close to 1, se€Hig(a). The orientation of the
electronic spingJ) is then transferred to the nucleus spi, in the case ot?°Xe by
the characteristic formation of a Van der Waals molecul¢ lihias both atoms (see
Fig.2.14(b)).

Nitrogen is added to the gas mixture to quench the fluoregcehthe electroni-
cally excited alkali metal atoms, which would otherwise ko depolarize the elec-
tron spins. The typically achieved polarization valuesaamind 10-30 % fot?2Xe.
“He is added to raise the pressure in the cell to broaden tloegilos line of rubidium
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by collisions.

The alkali metal exchange method is also suited for hyparjzihg®He, but it is
less effective than fot?°Xe. This is due to the very small collision cross section and
to the fact that the probability of the formation of Van deralamolecules ifHe is
much smaller, because of the smaller polarisability of tketeons shell.

2.7.2 Metastability exchange

a) collisional mixing b) f
©) O
2°R -
o 0
v v
f=1/2
................. L1} i
W @
f=3/2
oo o% I
198eV S N mmemeeeo
o mf= 312 -1/2 112 312
1 So Metastability exchange

Figure 2.15: Metastability exchange: (a) relevant energy levels inedlin the
creation and subsequent nuclear spin polarization of redétes’He gas. (b)
He*—He collisions permitting energy-conserving metastgbédkchange.

To hyperpolarize théHe, instead of optical pumping of an alkali metal tran-
sition, a metastable electronic state of fitée itself is pumped, which then trans-
fers its electronic polarization to nucle#ide spin polarization. Before thtHe gas
can be optically pumped, a small portion of the gas must fiesexcited from the
ground electronic state 15 into the metastable state®3;, see FigR.15(a); this is
achieved by applying a weak r.f. discharge to the optical momcell. Metastable
atoms can then be optically pumped by absorbing circulaslgnzed laser light at
A = 1083m, which drives population from the stat€® (F = 1/2) level or the state
233, (F =3/2) level to the 2Py (F = 1/2) level. By collisional mixing of the excited
states and isotropic reemission into the differef®&2hyperfine states, the population
is driven into the states with positive; quantum number. The polarization of the
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3He atom is then transferred to the nuclear state of the grstatd, as is shown in
Fig.2.15(b), via so called metastability exchange collisions. les# processes the
metastability is exchanged while keeping the total angmament conserved. This
means that:

1 1
SHe(m= -5) +3He" (me) = 3He(m= +3) +3He (Mg — 1) . (2.73)

This is a purely electrostatic process being much more tafeethan the spin-
exchange via hyperfine coupling. Since due to optical pumpiith a o -light the
metastabléHe* atoms withmg > 0 are more populated, the above transfer reaction
goes predominantly from left to right terms, populating tluelei of the ground state
atoms in then= 1/2 state.

In comparison to alkali metal exchange the restriction vopoessures in metasta-
bility exchange poses the main problem, as the polarizechgado be compressed
from mbarorder tobar order to accumulated sufficient amounts of gas, withouhlpsi
its polarization. This problem was solved by using a comgwewithout any magnetic
parts, as shown irchm04. Hereby, polarization up to 73% are obtainable for dif-
ferent applications in NMR and MRI. The maximum polarizatialue achieved in
an optimized setup inside a sealed optical pumping volunme9&&oat 2% [Wolf04].



Chapter 3

Experimental Setup

3.1 Hyperpolarization of ?°Xe and*He

Two methods are common to achieve optical pumping of nuslgias of noble gases:
alkali metal spin exchange, (used féfXe or 3He), [Bouc6q and metastability ex-
change, (used folHe) [Cole63 (see sectior.?).

3.1.1 LP!?%e: experimental details

129%e is polarized in a home-built polarizer designed and aogtd by S.Appelt
and coworkers at the Research Center Jilich, Germapgd0Q, of which a sketch
is shown in Fig3.1 A high-pressure gas-bottle of xenon and buffer gases (9#1&6
and 5 % N and 1 % xenon) is connected to the apparatus. “Heeis needed to
increase the pressure to broad the absorption lines bicwlliThe working pressure
is adjusted to Barsand the flow of this gas mixture throughout the device is cileu
by a needle valve that opens to ambient pressure.

The gas flow is directed through a flow meter that measuresukerfimL/min
and was usually adjusted to 200/min. Behind the flow meter the gas is mixed with
rubidium vapour and allowed to enter the polarizing chambée rubidium vapour
is produced by heating a small reservoir by a temperaturgated heat gun with the
temperature usually adjusted to T@JMuhl07]. The polarization chamber is made
from S5mmthick glass and has plane-parallel sides where the laggdigers to excite
the rubidium. The laser has two laser-diodes (Coherentdrajucing each 3 of
light with a wavelength oA = 7947nm They were combined in a fiber and after a
circular polarizeiA /4 plate focused on the chamber. The entire setup has to bedplac
in a relatively strong magnetic field of3G generated by a Helmholtz-coil.

37
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Cell with
rubidium

Electromagnet

Laser \JI_I_J Flux regulator

Buffer gases
""""""""""" R to 1 bar
Liquid i Permanent
nitrogen i magnet
Solid
Flow meter xenon
| 129Xe and
buffer gases
at 7 bar
Figure 3.1: Schematic representation of the xenon-polarizer. Seddexte-

tails.

The polarized xenon is then separated from the buffer gasdgédxcting the gas
flow through a cold finger, which is submerged in liquid nitog However, the
condensed xenon has to be stored in a relatively strong fieldyoid relaxation of
129% e via131Xe [Appe9q. Therefore, a special permanent magnet was designed (see
Fig.3.2), which produced a relatively homogeneous field of 0.BLiM04.

The amounts (pressure) of hyperpolarizéie were controlled by the duration
of the freezing time and the gas flux. Typical values wereziregtimes lasting be-
tween 5-20 minutes at a 3@Q/min (7bar overall pressure). The resulting pressures
of xenon in a volume of BL (after evacuating the buffer gases) at room temperature
are listed in Tal3.1

Time/[min| 7.5 12 16 20
Pressurg/bar] | 1.10+0.05 | 1.60+0.05 | 2.05+0.05 | 2.35+0.05

Table 3.1: Pressures of hyperpolarized xenon produced in a bottle3bf iy
different polarization times. The gas flux was adjusted ton®0/min and the
buffer gases removed.

3.1.2 LP3He: experimental details

In Fig.3.3a schematic drawing of the polarizer and compressor is predeThe pro-
cess begins in a titanium getter, where3He gas is purified. Then it flows throughout
five glass cells, where it is excited in the metastable statnlrf-plasma. Therefore,
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Figure 3.2: Home made magnet (Halbach design) to store the hyperpedtariz
129%e. The magnet consists of an arrangement of 16 bar magneifférent
orientations. Left: representation of the magnetic fluedin The magnets are
shown in green and their magnetization direction by redmsrd he gray shades
depict the flux density. Right: photograph and dimensiornib@finished magnet
operating at a magnetic field of..3T in its center at a total height of 260n
[BIUmO4].

Optical - .
pumping L 1 "J?.ET Laser @
cells I(I | S

T 1083 nm

T . 3He-cell
ﬁOPuﬁer—
cell

Compressor

Transportfield

Figure 3.3: Schematic representation of thide polarizer. Due to dimensions,
only one instead of 5 optical pumping cells has been drawe t&é for details.
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foil-electrodes are attached to the sides of each glass/celtcularly polarized laser
beam with a wave length = 1083mis guided through the cells. Two fiber-lasers
with 15W each are combined to obtain sufficient power. The flow ratdefgas is
adjusted to achieve a polarization in the order of 60%—80%wever, the fact that
plasma has to be ignited sets an upper limit to the usablsymes, which must be
in the range of 10%bar. As a consequence the polarizéde has to be compressed
to useful pressures. This is achieved by a hydraulic corspresith an interior vol-
ume of 1%, which presses the gas in a storage deposit.odda pressure of about
300mbar. In a second step of compression, the gas is brought fronmdhege deposit
to a glass transport cell. Of course the entire equipment briplaced inside a low
magnet field of &. With this instrumentation production rates die&8 - L /hour of
hyperpolarizedHe of P ~ 60%—65% can be achieve8¢hm04.

The glass transport cell is made from an alkaline-eartmada-silicate glass.
These glass cells have a volume of ch.ahd a relaxation timel;, up to 200hours
The final pressure inside the transport cell is chaB

Figure 3.4: Transporter container of the gas cell (left) and home madia-cy
drical electromagnet to store the hyperpolariZetk in MRI-lab of the MPI-P
(right). Left; The walls of the container have permanent nedg for field gen-
eration and shielded from external fields by a double laygr-wifetal. Right;
the coil produces 25 with a current of 2. 2D axisymmetric FEM calculation
of the flux lines inside this coil the gray scale intensitiemotes the magnetic
flux density, which is optimized for homogeneity and a matiamess to the
center. Therefore the equally spaced coils had to have 228ings at the ends
while 158 were sufficient for the three in the center.
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The polarization of the gas will only survive when the ceWays stays inside
an homogeneous magnetic field. As a consequence, spectalras had to be de-
signed for the transportation of these cells. They contamm@anent magnets for field
generation and shielded from external fields by a doublerlaf/g-metal [Gros0Q.
The relaxation time of the gas inside such boxes is longer 188 hours. With such
a box the gas can easily transported from the ceftial production facility in the
Institut fur Physik to the Max Planck-Institut fur Polymerschung (MPI-P). Once in
the MPI-P, the glass cell is stored inside a home made elaatyaet of 2& shown in
Fig.3.4.

3.2 Magnet and Spectrometer

All measurements were performed in a horizontal magnef@#®with a 20cmbore*.
Shielded gradients (Bruker, Rheinstetten) with strenggh 300nT/mwith a inter-
nal diameter of ca. 5@mwere driven by DC-amplifiers (Copley Controls Corp.). A
double resonant birdcage coil (Bruker) with an inner diganet 265mmwas used to
excite129Xe and®He at Larmor-frequencies of 3BMHz and 153096MHz, respec-
tively. The gradients and the r.f. pulse were controlledarfra Maran DRX console
(Resonant Instruments) which runs under a Matlab (Mathsdnk.) home made
environment.

The gradients were calibrated imaging a sample with a knonana different
gradient strengths. Then a comparison offl@/ with the sample size gives a relation
between console parameters and gradient strength by mé&ags2db2 and Eq2.54
modified as

_SW and G __SV2
YF OVeead phase 21yF OVphase

whereT is the time during which the phase gradient is appligtthe number of
acquired points an8W s the spectral width, equal to/DW, whereDW is the time
between 2 acquisition points.

Gread = (3-1)
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Air .
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Figure 3.5: Valve used to block the way of the gas. Left: closed valveyibg

of the gas for going from conduit A to conduit B is blocked byistgn, which

is pushed by pressing air from left and releasing to the taghtRopened valve:
the conduits A and B are connected because the piston hap bl pressing
air from the top and releasing to the left.

3.3 Gas Mixer

3.3.1 Pneumatic Pistons and Magnetic Valves

A set of pneumatic pistons and magnetic valves were combmeden operate in the
strong magnetic field of the superconducting NMR-magneeré&tore, commercially
available piston valves (Festo) had to be modified and teskatly all magnetic
parts were replaced in the piston valves by non magnetic, soethat they could be
mounted close to the NMR coil. The air flow which closes andngbe piston (see
Fig.3.5 was controlled by a second set of magnetic valves outselsttiong field of
the superconducting magnet.

These magnetic valves are controlled by switching 2¢hich can be controlled
manually or automated via the spectrometer. In this wayevalperations can be
included in the NMR pulse-programs, which made the measem&wery fast, safe
and reliable.

3.3.2 Automatized Gas Mixer

In order to prepare gas mixtures in a controlled way a deelicaetup for the gas
handling had to be designed which is schematically predentéig.3.6 [Acos0§
[Zaen0T. A sample tube of volum¥ filled with laser polarized (LP) gas was con-
nected to the gas handling system, which is already positiamside the NMR mag-
net. For’He measurements the sample tube was pre-evacuated andifiietly from

LExcept images of Fi§.15
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the transport cell. Xenon filled bottles were pre-evacuafest a 10ninaccumulation
of solid hyperpolarized xenon and then connected to the gladlimg system; the bot-
tle was left to reach ambient temperature for a period of @pprately 15nin under
the presence of air flow.

Control
GaS between SOft Pressure
0.1to 2 bar bag Box
Valve C
To vacuum &
Valve B
Eﬂ Magnet
Valve A { r.f.coil
BG at high & :
pressure
Bo

Pressure
meter

Figure 3.6: Sketch representing the pneumatic valve configuration fised
preparing the different gas mixtures. A, B and C are pneunatives that can
be controlled from the spectrometer console or manuallg.t&e for details of
their operation.

In order to minimize the length of the connection lines theymatic valves are
located in the bore of the magnet in direct vicinity to the partube inside the r.f
coil. To complete the setup a non magnetic pressure sensns@8echnics GmbH,
Puchheim Germany, PCB Series) was used to monitor the whiotegure. This
sensor was also placed in the bore of the magnet and has aa@cofi Imbar.

Valves B and C are opened in order to evacuate the transmiks@to values
in the order of 10%bar. Once B and C are closed, the sample tube is opened to let
the LP-gas expand into the transmission line. Valve B is th@ened during a time
tg to release the exceeding pressure to a large soft bag indide ésee Fi.7) at
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Soft bag

Figure 3.7: Box to controll the pressure inside the sample during thesomea
ment, depicted in Fi§.6. The soft bag is introduced in the box and connected
to the gas handling system. The blue tube on the top of thesoarinected to

a N, gas source with regulable pressure when pressurdsar are needed. For
pressures belowkhr was attached a vacuum pump, with a pressure controll,
was attached.

chosen pressure between 0.1 anub®, thus establishing the pressupa, of LP-gas
in the sample tube. Usually, the ambient pressure is usedefsrance pressure for
the experiments. Closing B and opening C for a periottgiermits the evacuation
of the soft bag. The buffer gas is then pressed into the samglge the r.f. coil by
opening valve A for a short period of timg,. Prior to the equilibration wittpa an
experimentally determined waiting time of casi6 introduced to assure equilibrium
in the gas mixture. At this point it is worth to note that migiof gases is not due
to diffusion processes as this would involve very long vgtiimes. The pressure of
the buffer gas reservoir was typically set to 3 tinpgs in this way a turbulent inflow
is generated which produces a complete mixture of both gales stabilization of
the pressure sensor oscillated in 3:4and the diffusion coefficient was measured
repeatedly for a single inflow with a waiting time up todidwith no apparent change
within the experimental error.

3.4 Resolution Phantoms

In order to study the diffusion of a gas in different restdos cavity shapes and sizes,
two phantoms were built.
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3.2 0.5

2.4

0.75 14

Figure 3.8: Set of cylinders of parallel capillaries whose long axisisgarallel
to the By direction €). The cavity diameter sizes are depicted in the image in
mm The diameter of the capillaries z_a(n@S, 0.75,1.4,2.4,3.2)mm

One phantom consists of a distribution of long capillarg=e Fig3.8 Single
capillaries of diametef0.5,0.75,1.4,2.4,3.2)mmwere placed well apart in order to
assure defined spatial resolution, while a group of camkawith diameter FY5mm
are grouped for purposes not relevant for this work. All Bapes were sealed in one
end and placed inside a rubber tube gfdmradius. The space between the external
part of the capillaries and the rubber tube was filled withxgpend left to dry. After
the rubber tube is removed, the set of capillaries was cutlemgth of 4Gnmand
placed inside a glass tube abmradius and 15&mlength.

This phantom, however, offers different restrictions negs inside the same cav-
ity. For a more ideal case, linear restrictions were needéds was achieved with
the phantom of Fig.9. This phantom consist of a set of parallel glass walls sépdra
by distances 0f0.5,0.75,1,2,3,4)mm The construction procedure was similar to the
previous phantom.

In both cases, the connexion between phantom and gas hgsgitem was done
with a tube as small as experimental safely possible to dheidas diffusing between
the phantom and the gas handling system. Especially carpuwt@s the construction
to avoid the glue, which stick the glass parts inside the fums (cylinders or glass
walls), to be in contact with the LP-gases.
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Figure 3.9: Sketch of the phantom, it consists of a set of parallel glaalsw
perpendicular to th&g direction ¢). The distances separating the walls are
(0.5, 0.75, 1, 2, 3, 4nm The thick of the separators armfn Distances in the
sketch are given imm



Chapter 4

Gas selfdiffusion measurements by
NMR

Since Hahn published “Spin Echoesdhn5Q, the influence of field inhomo-
geneities on the damping of nuclear spin echoes was knowichvelises not only
from relaxation effects but also from molecular displacetael5 years later, Stejskal
and Tanner$tej6 developed an improved method to measure the Brownian motio
by NMR. However, this motion is not necessarily related ®riolecular motion, but
to the spin of this molecule.

The new development of laser polarized methods has achgmladzations close
to the unity, 64% fort?°Xe [Ruse0§ and 91% for*He [Wolf04]. These high polar-
ization open the possibility to study new physical phenoan@aser polarized gases,
e.g. dipolar coupling ifHe gas at room temperaturden07. The hydrodynamic
equations of a diluted spin polarized gas predict unusteteflike coupling between
diffusion and heat conduction. As describedlihii82h “it may be hoped that these
effects will be observed, either fide or in TH” . This, in principle, can be used to
obtain information on thermal process from NMR measuresent

Therefore, in this chapter a detailed study of the gas ddfusoefficient,D, will
be carried out ifHe and!?®Xe. The classical theory will be presented following the
ideal gas concept. Sind2is measured by NMR methods, an explanation will follow
with special interest in the magnetic properties and ptssgifiuence on the diffusion
in hyperpolarized gases. This is important because in flexfimg chapter®d will be
measured at different polarizations and in different gagumnes.

a7
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4.1 Theory of gas self-diffusion coefficient

The diffusion coefficientD, is a transport parameter already introduced in se@ién
when the diffusion principles were presented as a prolgldiistribution of particles
in space. In this chapter a detailed theoretical descrptiti be summarized in order
to predictD. For that purpose, a particle spreading have to be considerstart off;
it will cover a distance in a given time with a chaotic directiand path probability
described in EQ.6Q Thus, the diffusing particle will cover a closed surfacgo$si-
ble positions after a time. The diffusion coefficient wilMesthe dimension of square
meter per second.

In order to describe it in a mathematical way the first impar{zoint is the ve-
locity propagation of particles in a gas. For that desaripthe simplest theory is the
so-called kinetic theory of gases, which assumes three pagits Atk84]:

* The gas consists of particles of equal mass in ceaselessmino motion.

» The size of the particle is negligible, in the sense thai tiameters are much
smaller than the average distance traveled between coldisi

» The particles do not interact, except when they are in @bntadergoing perfect
elastic collisions.

Following this points, it can be concluded that the velootya gas component,
whether an atom or a molecule, will span a wide range and thisioas continually
redistribute the velocities among the particles. The fomobf particles with velocities
betweerv andv +dv is given byf(v)dv where

M\ 32 Y M2

f(|v|) :4T[<m) Ve RT 4.1)
andR is the gas constant, the absolute temperature aktithe molecular mass of
the particle. Equatiod.1is the Maxwell-Boltzmann velocity distribution and is rep-
resented in Figl.1for Xe and He gases at standard conditions.

As it was mentioned, this speed distribution is given byismhs among the
particles. The collision will be defined as if the particlesrerigid spheres, i.e. there
will be a collision whenever two particles are closer thagirtliameted. The number
of collisions made by one particle in a voluienith N particles divided by unit time
will be given by the expression

W= 0V,C (4.2)
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Figure 4.1: Speeds distribution of Maxwell-Boltzmann féHe and?*°Xe at
standard conditionsl(= 25°C and p = 1bar).

wherec is the concentratiolN /V, o is the collision cross section of the particles as
described inAtk84] andyv; is related to the averaged velocity of the ensemtads

w:¢ﬁewggr (4.3)

For instance, onéHe atom at bar and 30& will collide approximatelyw ~
2-10’ times during one second considering the atom as a rigid epher

Once the velocity is known, the pakhtraveled by the particle between collisions
will be given by the following equation

Ao Vo kel (4.4)
\W \/éop
where the concentrationis substituted in the law for ideal gasp® = NksT with a

pressurep.

In the case of one dimensional diffusion —lets sagirection— a particle from
a point with concentratior(0) will cover on average a distan@ewithout colliding
with other particles and will arrive at a point with concextiton c(A), which can be
described by a Taylor expansion of first order as
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(M) ~ ¢(0) + A <%‘i)o. (4.5)

In the case of a particle diffusion in the contrary directithve concentration in-A
will be given by

C(—A) ~ ¢(0) — A (j—)‘i) . (4.6)

Consider now a plane perpendicular to thaxis atx = A that is passed by a
number ofN diffusing particles. The number of crossing particles Wélproportional
to the concentratioq, to the surface areaof the plane, to the timat that the particles
take to achieve the plane and to the velocity component ir-theectionvy. However,
to take the presence of a range of velocities in the sampdeaititount, the result has
to be summed over all possible ranges/pfveighted by the probability distribution
of velocities as Edl.1for thex-direction

M
(%) = |/ e 7% (4.7)

giving a total number of particles crossing the plaAtkB4]

[ee]

~

(A = cAnt / Vief (V) dx = %AAtc()\)\T (4.8)
0

The flow of particles crossing the plane, i.e. the number diglas which cross

the plane per unit area per unit time, will be given by
N(A) 1 _

= Z,C()‘)V (4.9)
in the case of the particles that diffuse in the positivediomn of x. In the case of
those particles diffusing in the negative directiorxpthe flow will be

Jy

N(-A) 1 _
J_= Y —Zc(—)\)v (4.10)
and the net flowd will be the difference between the particles flowing to theipee

direction and those flowing to the negative direction

1. _/dc
J=J,-J = E)\v(&)o (4.11)

If an extrapolation to a 3-dimensional spread of partickedane and we compare
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it with Eq.2.55 then we obtain a description Bfas follows

1. 1keT [4RT
D= ZAv= -8l /2] 4.12
VT 3Gp VT (4.12)

where the factor 2/3 is due to the fact that a diffusing pkertstill has a possibility of
collision before or after traveling a distans¢Atk84].

Although with only three assumptions a good determinatibD dnas been de-
rived, the kinetic theory of gases is still a rough approxiorato the diffusion coeffi-
cient. A more complete theory has to take into account masaldd collisions terms.
This task was done by ChapmabHa7Q and Enskog [Ens22, known as Chapman-
Enskog theory. Several books deal with the subj€ets03 [Tab9], but the most
cited and complete is the one of Hirschfel@eal. [Hirs65.

An approximation to a more realistic collisions parametdr mtroduce more
terms instead of in Eq4.12 Following the description dD done by Hirschfeldeet
al. !

T3/M

[D]; =2.628-10"" (4.13)
given inn? /swhereP is the pressure iatm, T in Kelvin and the collision parameter
is completed witfQ(1D*(T*), which is a collision integral and dependsbh= kT /<,
whereg is a parameter of the potential function that depends on diniicfe, as well
aso given in angstroms (1 A = 10%m). The subscript 1 in E4.13 denotes the
first approximation of the Champan-Enskog theory. Other@pmations, like for
example the influence of gas concentration and restrictidhbe treated in the next
chapter.

D 3He 129x e
Eq4.13 | 1.837-10 *n?/s | 5.523-10 %n?/s
NMR 1.8-10*m?/s | 5.7-10 °m?/s

Table 4.1: Theoretical and NMR measured self diffusion coefficient Tele
and!?°Xe at the pressure of 1 bar and temperature 6€21The experimental
values are from Talh.2and Tab5.1and experimental errors are less than 5%.

1see page 539 ortjrs65
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4.1.1 Polarization influence on spin diffusion

The theory described is related to the movement of complédeintical particles,
where collisions were not affected by magnetic properties.already explained in
section2.6, the parameter that describes the diffusion coefficientRNs the signal
decay due to the influence of magnetic field gradients thahaspthe coherence of
the spins. Thus, the information of the diffusion is deduiteth spin movement when
it dephases; a process that not necessarily has to happéa theemovement of the
particle, it can also happen when the spin state is trardsfeoen one atom to other.
This is important since other interactions could influereermeasurement of the dif-
fusion coefficient. This could suggest the idea that thenebeaa difference between
particle and spin diffusion, i.e. the particles could nob&considered identical any
more since magnetic properties make a distinction. As weseanin order to measure
D in a rigorous way, spin diffusion effects should be excluded

In section3.1, it was already mentioned that the polarization achievetHea
can be close to 90% and polarization'éfXe is getting close to this leveRuse0§
[Ruth99g, even though in this work only a polarization up to 8% hasbesed, which
is enough for the purpose of the work. These two gases haeaded use in NMR
due to their high polarization level and hence to the highalitp noise ratio achieved.
The capacity of a gas to fill the entire container makes themregt tool in NMR to
obtain imagesRizi05 and other information —by means of diffusion measurements
for example— of porous material cavitieBagt03 and especially the lunggber9g
[Conr0g. Due to the porosity, the gas is in contact with a big surfacel thenr; and
T, times are affected as explained in sectib8 TheT; decay, in the case of laser
polarized gases, leads to a drawback because of the losdapizption. Therefore,
during an NMR experiment the polarization changes and apresgly all factors that
are influenced by diffusion can be affected.

In order to study spin diffusion, a method to include the stidiguishability of the
nuclei when a collision occurs has to be adopted. The atoatstilide will have an
“average” cross section of two; one with the scattering duongb for distinguishable
particles Lhui824:

1£(8)[%, (4.14)

and one with the scattering amplitude for identical pagscl

:—2L|f(9) — f(—0)? (4.15)

in the case of Fermions, with weights given by the probabditthe nuclear spin to
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be in the same state, i.e. the polarization. Consequeh#yetwill be a dependence
on the averaged nuclear polarization of the gas.

In fact, Emerly Emer63 pointed out that there were discrepancies between NMR
measurement of diffusion coefficient and theoretical estioms. Other authors devel-
oped different aspects of this effect; the dependence dialispin polarization and
flip angle Legg69, the necessity of a drastically modification of the theawy Ibw
temperatures and high magnetic fielee§g7Q, the logarithmic temperature depen-
dence ofD [Miya83], differences in the transverse and longitudinal spinuditbn
collision time in polarized Fermi gase3don89[Mull83]. Jeon at al. Jeon8§ show
a theoretical dependence of spin diffusion upon tempegdturdifferent polarization
21t is observed that the spin diffusion dependence on pratidn, decreases with
increasing temperature. A recommended review is the woilkhatllier and Laloé
[Lhui824 [Lhui82h.

Even though most of these citations deal wWitte at low temperatures, the work of
Lhuillier and Laloé treat the effects of polarized gas in aengeneral way. Especially
in referencellhui82h is described the problem of spin diffusion in polarizedegmdn
order to study the evolution of an ensemble of spins in a asl3bltzmann transport
equation is considered. It describes the distribution afigas in a fluid in non-
equilibrium statistical mechanics by giving the time evao function f(r,p,t) of
the distribution (properly a density) in phase space. Hea@dp are position and
momentum, respectively. A first approximation to the solnitoncludes that the spin
current terms are described by

D

JMy) = —TSZPZ[DMX—uPDMy] (4.16)
D

IMy) = —TSZPZ[DMy-i—uPDMX] (4.17)

JMp) = —DoM, (4.18)

for the case of Fermions, with as the polarizatiory as a coefficient of the collision
integrals andg as the classical diffusion coefficient, both definedLhyi824. It
is observed that for the case of low polarization, the spohthe particle or classical
diffusion coefficient takes the same value, as follows

2See Fig. 3 onJeon8
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J(My) = —DoOM, (4.19)
J(My) = —DoOMy (4.20)
JMp) = —DoOM; (4.21)

In the general case, however , the authors clainfthat there are in fact some
corrections to the value of the spin diffusion coefficierttjclv depend on quantum
exchange effects for indistinguishable particles. Phalbicif these effects can not
changel(M;), they can do it indirectly by modifying the velocity distriion of spin
up or down atoms separately, so that the subsequent colidietween atoms with
opposite spins can eventually be affected.

A second approximation of the solution of the Boltzmann ¢iguaakes the cou-
pling with heat conduction into account, showing a dependeri the spin current on
the polarization. Due to the large polarization in the pnéseork (M, >> My, My)
only J(My) is consideredL[hui82b]

1_ C1+C,P2
C3+C4P?

whereC; are linear combinations of integral collisions which degpen cross sections
as well asu(P?). As an homogeneous distribution of temperature througlsaineple
is assumed, the temperature gradient term can be neglectidd to

IMy) = (OM,+P(1—P?)a(P?)Olog(T)) (4.22)

—DolIM,

o C1+C2P2 '
C3+Cy4P2

I(My) = (4.23)

In the case of the present work, in the next chapter severasunements of dif-
fusion coefficient at different polarization level will begsented. In order to study
the influence of spin diffusion in such measurements, simatgerimental conditions
have to be carried out in the current chapter.

4.2 Dye VS. Polarization

The first experiment presented is the measieaf 12°Xe at different polarization
levels. In order to obtain a detailed measuremenDah the region of low polar-
ization, several measurements were done and added. Exgeahparameters of the

3See page 228 o fuig2y.
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Xe melting

%0 ppm

Figure 4.2: Xenon spectra during melting process. It begins in solitestath
a ppm of -300 and in a little bit more than 2 minutes the Xe wittie coil is
converted in gas achieving 0 ppm.

polarization procedure are described in sec2onland3.1.1 The maximal polar-
ization achieved was around 8% .The polarized Xe was celieict a cold finger and
then introduced into the magnet until it reaches room teatpes.

Solid Xe produces a signal located at -300 ppm and its chahpbase can be
monitored as shown in Fig.2 In circa 2 minutes the solid Xe collected in the cold
finger is melted by an external continuous air flow at room terafure. Though Xe
is in gaseous state, it has not yet thermally equilibratetbton temperature. The
strong dependence &f on the temperature gives the possibility of monitoring sam-
ple temperature changes and to observe when the sample tiébrated to room
temperature. As shown in F§3 the D (measured at O ppm) decreases while Xe
melts due to the increase of Xe in gaseous state, i.e. due tachease of pressure.
After 5 minutes, although Xe has completely melted, it hageached the room tem-
perature and continues increasing until the temperature in the samplehes the
ambient one. After 15 minutes the sample is thermally eopated to room temper-
ature; changes dd are within the error estimation and the sample can be coreside
in thermal equilibrium. Finally the gas is released baf.in order to measurP at a
reference pressure.

After room temperature has been reached, the experimeimsbegasurind at
different polarization levels. Change of polarization wefsto spin-lattice relaxation
with T, as characteristic time (see Hgd) and ,with less importance, to the demag-
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Diffusion coefficient during Xe melting
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Figure 4.3: Change of the diffusion coefficient of Xe gas during meltid¢hen
Xe melts, the pressure increases inside the sample withifirgh 3 minutes. Af-
ter that, the temperature increases, increasing slighéydiffusion coefficient.
After 15 minutes, the sample has equilibrated to room teatpex within the
error.

netization due to the r.f. pulses of the diffusion coeffitieequence. Sample’s polar-
ization was determined comparing Boltzmann —or therma@radiand laser polarized
signal. For the determination of the sample’s signal witttBoann spin distribution,
circa 3000 FID were acquired and averaged out to obtain anddesignal, when the
laser polarized signal was completely used (after more 18aimesT;). The thermal
signal is then related to the polarization given byZE#4 During the acquisition of
the thermal signal, Xe was mixed with air in order to redlicand having more time
to acquire and add the signal.

The diffusion coefficient was measured stepping linearltid®s the gradient
strength of the sequence of FAdl2 b) and fitting the signal decay to the Stejkal-
Tanner equation (see B65. A maximalb-value* of 6500s/n? was used to dephase
the spins and hence weight the signal by diffusion. Dhmeeasurement was done each
200 s; this time was chosen because it corresponds to thessery for a Xe atom to
diffuse a distance of the coil length, so the gas has timeswiblite homogeneously
within the coil and avoid local magnetization gradients.

4b = y?G?D[8%(A — 8/3) + £3/30— &e?/6] for parameters depicted in F&y12
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T, decay of “’Xe inside Magnet
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Figure 4.4: Measurement of hyperpolarizé#Xe magnetization decay tinle
inside the magnefl, = 4710+ 70s.

Figure 4.5 presents the measurementsidfas a function of polarization. For
the present work, the values for the higher achievable jzaléon are most relevant,
where a constant value is measured. In the low polarizagigime, between 0.5% and
2%, the measured data shows a decrease ug% fzom the expected value. A possi-
ble explanation of this apparent decay, is the day/nighariatiory temperature change
what can influence the measurement. For example, a chang€ ah 2emperature
can lead for a change in the measut2af ca. 1%. Another factor that can influ-
ence also is the gradient overheating. After severals @rpeis, the gradient coll
resistance can increase and reduce the gradient intewsitgh produces a smaller
spin dephase and hence leads to a smalleFor example, a change in the gradient
intensity of 1.5% produces a changeDnof 3%. Even though, these points, shown
for completeness, are within the error estimation and agidethe literature value
[Hirs65 shown in Tab4.1

4.3 MeasuredD of 3He vs. Polarization

The achievable polarization levels #fle gas are considerably larger than those of
129% e gas. Two different measurements will be presented to une&swith different
depolarization methods. In the first one the depolarizasdeft to the spin lattice
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. Free diffusion coefficient of Xe at 1 bar vs. Polarization
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Figure 4.5: Average measurements of the diffusion coefficidnt,of Xe at 1
bar versus different polarization levels. The averaDezirors were weighted by
its error at fitting with the Gaussian signal decay. The dbfitee shows the ex-
perimental value from Talh.2 Empty circles were measured during overnight
experiments, which were prone to temperature changes aliegt overheat-
ing. Although these points are not significant because ofditge experimental
errors, they are shown for the sake of completeness.

decay and done at 1 bar, as in the Xe case. In the second métheaneasured at
different collisions regimes. For that purpose measureésngiil be done at different
pressures and then normalized to 1 bar. The measurementtesdrd pressures re-
quire a fast depolarization method —large r.f. pulses cptdduce radiation damping—
thus change of polarization will be achieved by admixturaeér polarizedHe with
thermal polarizedHe.

4.3.1 Dpe vs. Polarization at 1 bar

Unlike Xe, in the case ob of 3He only 2 measurements were sufficient to obtain a
reasonable good value for the low polarization zone; duéeddrgery, achievable
polarization and abundance of the detected isotope. Theeseq and sample were
similar to those used for Xe. Th#e was hyperpolarized at the institute of physics
at the Mainz universityHeil96] [ Schm04, by the method described in secti@rv.2
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2 Ox10° Free diffusion coefficient of He at 1 bar vs. polarization
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Figure 4.6: Average measurements of the diffusion coefficiéht,of He at 1
bar versus different polarization levels. The averaDezirors were weighted by
its error at fitting with the Gaussian signal decay. The dblitee shows the ex-
perimental value from Talh.1 Empty circles were measured during overnight
experiments, which were prone to temperature changes aliegt overheat-
ing. Although these points are not significant because ofatge experimental
errors, they are shown for the sake of completeness. Theadiatlip the mea-
surement at thermal polarization as explained in seci8t8

and3.1.2

TheD was measured by stepping a bipolar gradient (se Aigb)) with a max-
imal b-value of 500 s/rA However, in this case the polarization was measured by the
institute of physics as described iH¢il97] [ SchmO04, and corrected by th& decay
influence due to the cell transport and storage (see sektiad. A polarization higher
than 50% was achieved in the polarizator. Polarization gbauring theD measure-
ments was left to the spin-lattice relaxation and, to a sex#nt, to r.f. pulses of the
sequence.

The D for different polarization levels for standard conditicoispressure and
temperature is shown in F§6. As in the case of Xe, a strong deviation of the mea-
suredD from the literature valueHirs65 (see Tabl.1l) was not observed. Only the
points with less than 7% of polarization present a slighpelision but well within the
error estimation. This deviation could be originated dughntosame factors explained
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in the Xe case.

4.3.2 Dpne Vvs. Polarization vs. Pressure

An important factor in the experimental determinationDis the pressure of the
sample, as already explained for the behaviour of the diffusoefficient in Figd.3.
From Eqg4.12the following equation can be obtained:

1ksT /4RT
PD=3"V (4.24)

which will be used to normalizB to 1 bar when measurements at different pressures
are carried out.

As it is known from the classical theory of gases, the pressicates the mo-
mentum interchange between components of a gas and theovaicontainer and,
as explained in E4.4, the pressure is also proportional to the number of colisio
made by one particley (see Eg4.2). The aim of the pressure change is to create a
scenario with different collision rates, and therefordadtént probabilities of inter-
actions between spins. Another parameter that could begeldais the temperature,
however, from the experimental point of view this is more pticated due to possi-
ble temperature gradients within the sample. This probkavoided in the case of
pressure changes.

The diffusion coefficient measurement at different presswvere conduced by
means of the pressure box presented in se@i8r2 Inside this box is an elastic bag,
which is connected to the sample, so that this bag equiébitatthe pressure inside the
box. The pressure of the box was varied betweer@rto 1bar, in increments of ca.
0.1bar; this corresponds to a number of collisiam&lbar) ~ 10* to w(0.1bar) ~ 103
at room temperature in a typical sequence time of 18@See Eq4.2). For a short
time, 3He—*He molecules can be formed by dipolar couplings, which cad ke a
spin state information loss and hence to a spin exchangé(4]. The probability of
this exchange is ca. 10 per time unit by averaging over the sum of the collisions
frequenciesTorr63 [ Mull90] at ambient pressure.

Only four representatives experiments, from 10, are ptesefor clarity in
Fig.4.7. All others experiments show the same behaviour. In thisdifu p is plotted
versus the polarization for different pressures and, foeteeb comparison, the diffu-
sion coefficient is normalized toldar. TheD measurement procedure was the same
as in the previous section. Nevertheless, in order to adiedt-value toD, which
changes inversely with the pressure, values from 1G24 at 1 bar to 747s/n? at
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0.1 bar were taken changing the gradient intensity. A factor thetéases the error is
the smaller quantity ofHe at decreased pressures resulting in weaker NMR signals.
Again, the polarization was determined at the institutetgfgics at the Mainz univer-
sity, as in sectiod.3.1 The initial polarization was 67% 5% in a cell with aT; of

91 hours. All measurements were done in less than 5 hourghvaloirresponds to a
polarization difference of ca. 5% between first and last mesasent, i.e. bar and
0.1bar respectively.

; Diffusion coefficient normalized to 1 bar
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Figure 4.7: Diffusion coefficient measurements dle at different pressures
versus different polarization degrees. Measurements m@raalized to Ibar.
Diffusion errors were weighted by its normalization faciod polarization error
was 5%.

Unlike the first two measurements presented in this chaptef Ke and He at 1
bar), here the depolarization process of the spins is not onigindd by spin-lattice
relaxation. For this experiment, the gas mixer of secB@was used with thermally
polarized®He at 31bar as a buffer gas. This allow faster experimental times, amgid
gradient overheating and permitting a better temperataitglgy, which are sources
for experimental errors in longer experiments.

In Fig.4.7it can be observed that for high polarization the corre@esithe same
for all pressures and coincides with the values of ZabFor lower polarization levels
a dispersion of the values is observed. Unlike in#igand Fig4.5there is no a clear
increase or decrease of the values, which arises from ttes fdepolarization method.
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Like in the last two cases, however, these deviations siiinside the experimental
error. Even with a difference of an order of magnitude in thenber of collisions
experienced by one particle, no deviation outside the error bars is observed.

4.3.3 Dpye at thermal polarization at 1 bar

The last measurement presented in this chapter i®théthermally polarizedHe

at bar. In the case of purdHe, which magnetogyric ratio is close to that of protons,
an NMR signal can be obtained even though the density of asga®und thousand
times smaller than in a liquid, but, of course, the signal acse ratio is rather low.
The thermal polarization ofHe in a magnet of #T will be of the order of water —ca.
20 per million— as described by EXj15
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Figure 4.8: Recovery ofHe normalized thermal signal versus time to measure
Ta.

The sample foD measurements with hyperpolarized gas is optimized to have a
long T1 to store the large polarization of the §asThis is a severe drawback in the
case on thermal measurements. The poor signal to noisenedids several scans
to add a suitable signal particularly when gradients ardieghfor diffusion coeffi-
cient measurements. A complete recovery, typically, Bf the magnetization after a

5The glass cell with the shorte¥t was chosen to measure tBeat thermal polarization, which is
not the same cell used in the previous experiments.
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/2 pulse is necessary. A recovery measurement of the sigrsatiarze as shown in
Fig.4.8. The sequence for signal recovery of thermally polari#éd was as follows:
/2 — Acg— 1. The sequence was repeated with increasingt was observed that
after 1508 the signal was completely recovered.

1,0_- P Thermal signal of°*He vs gradient strength
0.9 °

0.8
0.7
0.6 -

0.5+

Normalized FT signal [a.u.]

0.4+

0.3 —
0.000 0.005 0.010 0.015 0.020 0.025
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Figure 4.9: Diffusion coefficient of*He at 1bar with thermal signal. Each
point is an average over 31 measurements with a repeat titt®066. The fitted
diffusion coefficient (red line) wagl.95+ 0.15)10~*n?/s for a temperature of
(204 2)°C. The polarization was ca.-207° , given by a polarization field of
4.72T.

With this data, the diffusion coefficient sequence was aequ81l times. Ab-
value of 6095/n? was used with the sequence described inZFig@ b), a maxi-
mum gradient strength of.0286T /m that was rased 10 times. Tiewas fitted at
(1.95+0.15)10~*n?/s, value that agrees with Tabland is shown in Figt.6 where
is represented in red. Thi3 could be easily plotted very close to the zero polariza-
tion without being incongruous with the other points of Big. Because of the long
time measurement, pressure and temperature oscillathmhgradient overheating in-
creased the error estimation. Even so, the measured diffesiefficient error is less
than 8%.
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4.4 Conclusions

The kinetic theory of gases, based on three simple assunspidready develops a
very accurate prediction of the diffusion coefficiddt A more realistic theory has
to take into account different factors involved in the bn of particles since the
kinetic theory of gases only considers them as composedjlayspheres. Adding this
factors, Chapmar(ha7Q and EnskogEns23 developed a more exact description of
D in gases resulting in E4.13

Since the technique used in this work to meaddie NMR (described in section
2.6.3 magnetic properties which can influence this kind of meas@nt, will have to
be considered. Emerl{Emer63 observed that the diffusion coefficient given by the
Champman-Enskog theory was systematically smaller thparerental values given
by NMR methods. After this, several discrepancies betwgéndiffusion and parti-
cle diffusion were investigated. In a complete review, lren and Laloé Lhui821
describe the importance of the polarization for spin difftasby means of E¢4.23
showing a dependence of the spin current on the polarization

The large polarization achieved actually3He and'?°Xe in a gaseous state at
room temperature, makes a rigorous measuremedivafrsus polarization necessary.
Moreover, since gases hav®dour orders of magnitude higher than liquids, influence
of spin diffusion in clinical gas MRI has special importarierause the polarization
changes during the MRI sequence —besides influences eag@lainsection2.3. In
vitro samples, like those used in this chapter, allow for a morarate measurement
of D compared with clinical studies, which makes these measememore sensible to
polarization effects. Measurements were donebat {or normalized to this pressure)
in order to make them comparable to clinical conditionsutitotemperature was 15
degrees less than body temperature. Only pure gas wasigatest, nevertheless, it is
believed that if no effects are observed under such expataheonditions, they can
hardly be expected in clinical experiments. As far as we knawone has reported
such measurements to investigate the influence of polemizanh diffusion of gases in
clinical conditions, neithein vitro norin vivo.

Diffusion measurements 6#°Xe and®He at different polarization have been done
and presented in Fig.5and Fig4.6respectively. Polarization decay was produced by
spin-lattice interaction, and with less influence to segeetf. pulses. In both gases,

D agrees with theoretical values for high polarization value

As pressure is proportional to the number of particle colfis, different pressures
correspond to different collision rates and thereforesdéht spin transition probabili-
ties. The diffusion coefficient ofHe was measured at different pressures and normal-
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ized to Dbar (see Figd.7). For the depolarization, however, a mixture with thermal
polarized®He gas was used. The result was the same as in the two prexipeis-e
ments.

A difference between spin diffusion and particle diffuswas not observed under
our experimental conditions. Sincééle is more frequently used in MRI, this gas
received more attention with a deeper research. The expetilonen vitro, which
are more sensitive than an usual clinical MRI, do not showdingrgence irD, so
it can be conclude that spin diffusion, if it occurs undenidal conditions, has no
observable effect in the particle diffusion measurementdMR. The experiments at
different pressures, after normalization, show also néediewn, what means that under
more restricted movement conditions —such as capillaaigspli or buffer gas: as in
experiments of chapté&rand chapte6— no spin diffusion effects can be expected.

The method used to depolarizde by means of admixture with thermally polar-
ized®He by means of gas admixture is reliable under differentunes and polariza-
tions. These measurements verify the stability of the gagngisystem used in the
next chapter.






Chapter 5

Gas admixture

From the very beginning of the application of laser-polkediZLP) noble gases to
magnetic resonance imaging (MRI), diffusion measurema&ate envisioned as a tool
for studying the microscopic structure of respiratory ageDiffusion coefficients of
gases at standard temperature and pressures are of theobrdEr* to 10-°n?/s,
which are 4-5 orders of magnitude greater than in liquidsh@lgh the distance dif-
fused during a typical time interval ofmisfor the application of a gradient pulse is
approximately 60Gmfor 3He gas, the diffused distance will be reduced by the restric-
tions imposed by the dimension of the volume. The seconditondhat influences
the diffusion coefficient of a LP gas is its interaction witther gases present in the
imaged volume: M and G in biomedical applications. In this chapter the possibil-
ity of generating a highly controlled binary gas mixture &afd overall pressure is
explored, which is a necessary condition for clinical inmagi

A detailed description of the theory of the precise deteatiom of the molar
fraction of3He and?®Xe in admixture with different buffer gases is presentede Th
resulting protocol is applied for the measurement of thieigidn coefficient as a func-
tion of the molar fraction for three very different buffersgs, namelyHe, N, and
SFs;. The admixture of LPHe to these gases is very relevaltte and SE are very
light and very dense gases, respectively. It has been shmatrthtey can be used to
provide opposite contrasts in MRAE0os060, while N is present in most biological
studies and, since it has a similar molecular mass as oxygargood approximation
to a3He mixture with air, ideal for lung research. The inversaation of a dense LP
gas such a¥*°Xe upon a mixture with these gases was also studied.

Simulations were performed of direct atomistic moleculgnaimics on the bi-
nary gas mixtures in order to obtain a realistic theoretiesicription of the diffusion
properties of this system at the actual temperature andymedn the corresponding

67
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experiments. Using interaction potentials of Lennarde3otype, the molecular dy-
namics simulations incorporate the mass and size of theithdil particles as well as
their mutual attraction and repulsion due to the interatiof the electronic clouds of
the atoms.

5.1 Theory of gas admixture diffusion coefficient

The diffusion coefficientD, seen until now is the one related to one particle diffusing

without restrictions in an atmosphere of more identicatipl®s. In this chapter, bi-
nary mixtures of gases will be used and hence another dffusoefficient has to be
considered. This corresponds to the NMR sensitive isotope;gas mixture compo-
nent and not to the gas as a whole. The more important chestictés whether the
gas component of interest is restricted via heavier butseg (BG) or its movement
is less restricted via lighter BG.

As a startD of the gas as a whole, the so-called binary diffusion coeffiti ,,
will be considered. From the known Chapman-Esnkog theotlg@previous chapter,
Hirschfelder at allHirs69 continued developin@®. The authors present in this book
a first approximation to the binary diffusion coefficient aidws:

/T3
D121 = 2628107 — (L)‘: (5.1)
Po1,Q15" (T1))

given in m?/s with p in bar, T in kelvin, p = Z-5 is the reduced mass and
(11)

Q15 *(Tsz) is a collision integral term that depends ®},, which is the reduced
temperature equal tgT /€1 2, beingey » = /1€ a collision characteristic term, and
the collision parameter as

012 = (01+02)/2 (5.2)

with collision diameter in angstroms (1 A = 18m). Subindex 1 and 2 makes refer-
ence to spice-1 and to spice-2 respectively

Following this equation, the value {xeHel1 for a Xenon-Helium gas mixture at
294.15K and Dbar is 6.1437- 10~°n?/s, which is a value in between those presented
in Tab.4.1 However, different concentrations, can alter the movdrogthe particles
and hence the diffusion, a fact that is not explicity conseden Eg5.1

1See page 539 orHjrs65
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5.1.1 Concentration dependence of diffusion coefficient

Gas mixture concentration is taken into account in highgra@apmations of the
Chapman-Enskog theory (approximations done by KihKragd53 lead to a similar
result) applied to E&.1as follows for thek!"-approximation

[D12)k = [Dl,Z]lfék)~ (5.3)

In a second approximation, the functi@éf) depends on molecular weights, mole
fractions, temperature and viscosities of the two comptanas follows:

2 _ 1
fo = &, 5-4)
1-w 600X+ Y3)

whereW, Cla X andY, depend on concentration, molecular masses, integral col-
lisions and thermal conductivity The dependence 0D1 2]> on the composition of
the mixture of gases is only slight sincﬁéz) differs only slightly from the unity. For
example, in a gas mixture of Xenon and Helium at 28K and bar, the deviation is
4% at the most of when the concentration of one gas compoaeiesvrom 1 to 0.

The presented theory determines the diffusion coefficieattmnary gas mixture
as a bulk property, ignoring the fact that there are two veffer@nt gases in this
mixture, which move and hence diffuse individually. Howevaher methods like
NMR experiments or radio isotopes tracers observe only sogpe, which means
that when the diffusion is measured by these methods, oelyribtion of this very
isotope is measured. For example, in a Xe—He gas mixturdigiher isotope (He)
will move faster than the average, a fact not included in tiesgnted theory.

A semi-empirical equation was proposed by Wilki[k50], which was found to
describe the observed effects very accurately. This equalescribes the diffusion
coefficient of one species,in a mixture withL others ,

1-X & X

— =) — (5.5)
D; & Di

with x; as a concentration of the spicén the gas mixture an®; j the binary diffu-

sion coefficient of componemtwith respect to the componentn the mixture. For

the case of a mixture of two species of different gases, hdudevelopment of E.5

leads to the following semi-empirical approximation of tteserved diffusion coeffi-

cientD1(X) of one species of the gas mixture, as a function of its mogation, x ,

2See page 606 ortjrs65
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[Mair02]:

1 x 1-x
Di(x) _ Da(1) ' D1(0)
where the subscript 1 denotes the diffusion coefficient efstudied species, and not
of the bulk gas. When the molar fraction isD;(1) is the self diffusion coefficient
of the detected isotope and when the molar fraction 3100) denotes the diffusion
coefficient of the detected isotope in an infinite dilutiorthe buffer gas.

(5.6)

5.2 Concentration measurement

Originally it was intended to use independent analyticahtéques (e.g. mass spec-
troscopy, gravimetry or partial pressures) to determireeghs concentrations, but
guantification even within a few percent was not possibld whie available equip-
ment. In the course of the experiments it turned out that NMIR the most precise
way to determine the concentrations.

As explained in sectioB.3, the mixture process begins with a sample tube filled
with laser polarized (LP) gas, which is placed in the NMR ediile being connected
to the gas handling system. A sequence —e.g the one depictgd2.12b)— is run
and a a reference signal is obtained for the initial conegiomn of the LP-gas. After
mixture and release to the initial pressure another segusman. Taking into account
possible signal losses due T effects and other experimental influences, the differ-
ence between signals of both sequences indicate the lo$3-g&k due to admixture.

5.2.1 Concentration and gas admixture

The molar fraction established by the procedure describesdleacan be calculated
as follows. The procedure starts withmoles present in the volumé of the sample
tube at a pressurp and ambient temperatuiie  All measurements of the diffusion
coefficient are done under the same conditions of pressmgdrature and volume,
so thatn = pV/RT = constant. Whemy moles of buffer gas are pressed in the volume
V, the LP-gas is diluted by a factgt, which is the molar fraction of the first mixture

n
X1 = n+m1. (5.7)
The pressure is then releasedpoHowever, this leaves the molar fraction un-
changed, so that the remaining number of LP-gas moles imeW follows the
relationny = xyn, which can be rewritten as
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n2

Con+my’

nq (5.8)

With the same reasoning the molar fraction of buffer gas da¢xhange when
the pressure is releasedppso that the number of molesy, of buffer gas remaining
inV are given by

x%:ﬁ: m = 1:7nml .
n n+m n+m

Repeating the procedure, that is, pressmgnoles of buffer gas in the sample,

the LP-gas molar fraction will be

(5.9)

nZ
ny n+my
Xo = = , (5.10)
n1+m1+m2 n—irf‘nl + nr—]Frrnt‘Lll +rnz
which can be understood as
n n n
Xo = =X ) (5.11)
N+m n+np n-+np
For thek!" experiment this can be generalized as
k
n
Xk = . 5.12
=i (5.12)

5.2.2 Relation between signal and concentration

The determination of the molar fractions will be carried tdubugh inspection of
the signal intensity of the first signal acquired in each maeasent before runnig
the sequence to determined the diffusion coefficient. Thiaimagnetization isVip.
After the sequence run (diffusion measurement in this dhgegignal will be reduced
due to the application dfl r.f. pulses,

M3 = cod'"taMg (5.13)

where the supraindexdenotes the magnetization before mixture and the r.f. tip
angle, which is typically small (2 to 5 degrees) when usedehyplarized samples
[Haas86. Relaxation due to the gas collision with walls of the saenpill be ignored
as the total duration of the experiment is only around 1 neinuthile the typical
relaxation timeT; of the used samples is measured to be around 50 times larger. A
buffer gas is pressed into the sample and the exceedingupeasseleased tp, the
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magnetization will become

n
My = M;n+m1 = cos' L aMox;. (5.14)

If this is repeated for a second time, the magnetizatiorr afleasing taP will
become

n
=coV1am;

Mz =M
mp n-+my

= (cos' o) ?Moxe. (5.15)

This expression can be generalized for kHeexperiment as

My = (co L o) Moxy. (5.16)

The signal acquired will b& [0 Mgsina, hence the following expression is used
to obtain the LP-gas molar fractions from the measuremetiteinitial signal,Sy:

S

S(co-1a)k’ (-17)

Xk:

5.2.3 Error estimation

Another aspect of the setup that can influence the molandradetermination is a
small residual volume that lies between the volume of thg@awcontained inside the
r.f. coil and gas mixing valves . The polarization of the gessspnt in this volume will
not be affected by the r.f. pulses, hence leading to a sysiesreor in determination
of the molar fraction. This volume was minimized as far assgue and determined to
be 5% of the volume contained inside the r.f. coil. The pufsamgle was determined
by running the whole sequence for measung) with pure LP-gas and setting the
factor co8~1a so that the molar fraction calculated was equal to unity. dier in
the tip angle was determined to be lower tiem= 5%. However, this error propa-
gates during the course of the experimektmxtures excited b\ r.f. pulses each).
Error propagation of E§.17results in an errofx, of the determined molar fraction
xx of the LP-gas as

A
X—Xk = k(N —1)tanoAa . (5.18)
k
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Figure 5.1: Simultaneous measurement of diffusion coefficient<Ke and
3He in a mixture versus concentration of Xe. Laser polariéd was used as a
buffer gas and mixed with LP-Xe.

5.3 Simultaneous measurement oD in a Xe—He gas
admixture

In this section, the simultaneous measuremerid af 1>°Xe andD of 3He will be
carried out in a mixture of Xe witBHe as a buffer gas. After applying the same exper-
imental procedure of sectich2in order to achieve a sample with L'#2Xe at room
temperature, the gas was transfered to a sample which fie iodil length, and then
released to Bar. Laser polarizedHe was then introduced into the sample to dilute
the Xe by means of the gas handling system described in Be®80 The process
was completely automated and synchronized with the NMRescpito measure the
diffusion coefficient with the sequence of RigL2b). In the case of Xe, the maximal
gradient strength was®15T /m, d = 105Qusande = 50usas depicted in the Fig.12
b). In the case ofHe, the maximal gradient strength wa®®286T /m, & = 85Qusand
€ =50us

After several experiencésle was chosen to be the buffer gas of the admixture and
Xe the suitable gas to take as signal reference to calciiatedncentration because
the larger’He volume (ca. 1 L), which can be achieved with a pressurembsi 3
bar, produces a more stable admixture of this BG.
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Figure5.1 shows the simultaneous diffusion coefficient measuremeft¥Xe
and3He. The upper points (in green) are tBge and the line represents the fitting to
the semiempirical function of Wilke (E§.6). The lower part (in red) shows the same
for Dxe. The values displayed in both grapi3; and Do represent the respective
fitted values and their fitting error. Along the concentrataxis, the error is given
by Eg5.18 The error inD is given by the linear fitting erros of the signal decay
under different gradient strength taking into account gues imperfections during
the mixing procedure, which were determined to be less than 1

The higher the Xe concentration in the mixture the more thecity of the 3He
atoms is slowed down due to kinetic energy absorption by ¥matin collisions. On
the contrary, the velocity of the Xe atoms increases at migHe concentration —or a
smallerxxe.

5.4 Dpe VS. Xue In “He, SK;, N, and Xe: experiments
and simulations

After observing the change of tiéle diffusion coefficient by admixing Xe, a com-
plete assortment of buffer gases will be applied. From égbhes like'He to heavy
ones like SE.

5.4.1 Determination by NMR

The experimental procedure is the same as in the previotissgout only the’®He
concentration is observed. In this case the maxintwvalue corresponds to a dif-
fusion gradient strength of.06T /m and the gradient timings we@= 500us and
€ = 50usfollowing the representation in Fi3.12b).

In Fig.5.2the inverse oDye under different buffer gases can be observed. The
lightest one*He, has almost no influence on the diffusion coefficient. Gndther
extreme, SEproduce a change of almost one order of magnitude in thepa{aon
XHe — 0. Values for such extrapolation are presented in the5Talollowing the
linear regression of Ef.6. The standard deviation uncertainties resulting from the
statistical error in the regression analysis of the meakDrare less than 5% for all
the measurements of the figure.
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Figure 5.2: Inverse of®He diffusion coefficient obtained by NMR measure-
ments as a function of the helium molar fractiane, for binary mixtures corre-
sponding to four different buffer gas€$de, Nb, Xe and SE). The vertical error
bars are the errors of the fitted diffusion coefficients, wlkiile horizontal errors
were estimated by E§.18 The solid lines show the fits of Ef6 to the data.
The binary diffusion coefficients are found by extrapolgtthe fit toxye — O.
The obtained results are summarized in $db.

5.4.2 Molecular dynamics simulations

Classical molecular dynamics simulations, MD, under mkddoundary conditions
have been carried out using the Gromacs simulation packagedl] with the help
of Komin et al. [Acos0§. It was simulatec®He upon a mixture witifHe, N, and
129% e as buffer gases at molar fractions from 0 to 1 in steps of 0.1

Atoms were modeled using pairwise 6—12 Lennard—Jones faten

o\12  ,g\6
(r) - ()
with r = |R; — Rp|. N2 was represented as a united atom. In the cagev@iich has a
more complex internal structure, the untited atom modelld/oepresent a consider-
able simplification. The alternative, an all-atom calcolatwould mean that all seven
atoms have to be described independently. This in turn wiagdire a significantly

smaller time-step of the MD simulations due to the fast maéwnibrational modes
of the molecule. The Lennard-Jones parametexsd o were taken from reference

V =4g (5.19)
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Figure 5.3: Inverse of®He diffusion coefficient obtained by simulations as a
function of the helium molar fractiorxye, for binary mixtures corresponding
to three different buffer gase$He, N, and Xe). Error bars were estimated by
comparing the diffusion coefficients obtained from the fanstl the second half
of the simulation. The solid lines show the fits of E&.to the data. The binary
diffusion coefficients are found by extrapolating the fiki@ — 0. The obtained
results are summarized in TakL

[Raid87. Their values are(Xe) = 231 K,o(Xe) = 4.047 A g(He) = 10.22 K,o(He)
=2.551 A ,g(N,) = 71.4 K ando(N,) = 3.798 A. For interactions between particles of
different species, the combination formulae

&j = \/Ei€j andoi,j:(0i+oj)/2 (5.20)

were used.

For the thermodynamic parameters of the binary gas mixtinesequation of
state of an ideal gas was assumed. In order to match the eqredl pressure and
temperature, simulation boxes of 20587% = (59nm)2 containing 5000 particles
were used for théHe-*He and3He-12°Xe mixtures. A check on the equivalent
systems with only 500 particles yielded only insignificaevidtions from the cor-
responding 5000 particle runs. Hence, we used only 500cpestior the3He—No
system. For the equilibration of our systems, the partielese placed at random
positions in the box and brought to the desired temperdfure 294K) by a canoni-



5.5. Dxg VS. Xxe IN 3HE AND N: EXPERIMENTS AND SIMULATION 77

caP (NVT) molecular dynamics run for 2 Subsequently, production runs ofri
length were performed in the NVE ensenfblevith a time step of 2s.

Diffusion coefficients were computed from the productiongy fitting the root
mean square displacement, averaged over all atoms of agpeses; to the elapsed
time, assuming the Einstein-Smolochowski relation

(Ri(t) — Ri(0))? = 6Djt (5.21)

Error bars were estimated by comparing the diffusion cdefiis obtained from
the first and second half of the simulation. The simulatiomsesperformed on a
parallel 16-processor Beowulf cluster with 2.6 GHz Xeongessors and required
about 2000 CPU hours in total.

The simulated dependence of the binary diffusion coeffisiém the3He—*He,
3He—N, and 3He-2°Xe mixtures onxye is shown in Figs.3 The qualitative and
guantitative agreement with the values obtained from theRNdperiments shown in
Fig.5.2is within the 5% error. In all cases, the shdpgs(xHe) is correctly obtained
in the molecular dynamics simulations, even for the sutile-*He case. Although
there is still significant noise in the computed diffusioreffizients, the substantial
reduction due to the admixture of heavier and larger compisris nicely reproduced,
hence supporting the experimental findings presented.

Table5.1 summarizes values for the binary diffusion coefficient frep5.1 as
well as the®He free diffusion coefficient and extrapolation whefa — 0 obtained by
NMR and by molecular dynamics simulations. Diffusion cagéint absolute values
agree well within the 5% error.

5.5 Dyxe VS. Xxe in He and N,: experiments and simu-
lation
Unlike the case ofHe, only two buffer gases had been mixed with Rele and N.

The mixture with®He had been already presented in sectidh In Fig5.4this mea-
surement is compared with the simulation. The fitted valgeses very well, however

SNVT ensemble: the number of particles (N) and the volume (Mhe system are hold constant
during the simulation and a well defined temperature (T) ipdsed by coupling the system to an
external heat bath. The system is allowed to exchange emgtigyhe reservoir, and the heat capacity
of the reservoir is assumed to be so large as to maintain atéxeperature for the coupled system.

4NVE ensemble: the number of particles (N), the volume (V) #redinternal energy (E) are hold
constant during a MD simulation.
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D(0)°He/[10*n?/s] | 3He | “He | N, | Xe | Sk
Di, Eg5.1 1.84|1.72 | 0.77 | 0.615 | 0.418
NMR 1.8 | 1.7 |077 | 0.7 | 048
Simulation 196|186 | 0.8 | 0.63 -

Table 5.1: 3He binary mixed diffusion coefficient comparison within afimite
dilution of different buffer gases*He, Ny, Xe and Sk. The differentD(0)
are from top to bottom respectively: calculation of binaiffugion coefficient
D1, from Eqg5.1, fitted to NMR measurements of Fig2 by Eq5.6 and fitted

to simulations of Figh.3 by Eq5.6. The fitted parameters error estimation is
determined to be less than 5%.
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Figure 5.4: Diffusion coefficient of'?*Xe versus concentration of a mixture
with 3He. Measurement (same as Big) and simulation are presented.
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Figure 5.5: NMR experimentally determined data: diffusion coefficianit
129x e versus concentration in a mixture with.N

for concentrationgxe < 0.4 measurements tend to deviate from their espected linear
behaviour, which does not happen with simulated data.

One possible origin of these deviations is inhomogeneityhef concentration
within the sample volume. Local fluctuations or even graeibyild cause a locally
increased Xe concentration, whose Xe diffusion would baiBagantly reduced with
respect to a perfectly homogeneous gas mixture. This e#featd correspond to an
effective increase in the Xe mole fraction, hence bringimgegxperimentdD closer to
the simulated value. Additionally both, experimental aimdudation, have increasing
errors with decreasing numbers of observed patrticles, wiight also add to this
discrepancy. A further uncertainty caused by the curvattitke inverse Xe diffusion
coefficient at these lower concentrations complicatesxh@golation forxxe — 0.

In the case of the mixture Xe-INonly experimental points are shown, see 5i§.
These measurements follow better a linear behaviour in egisgm with the’He—Xe
admixture. However, a small tendency is observed here likéhé previous case,
which can have the same origin. The minor molecular weighipfn comparison
with Xe can also be a reason for the less influence of the destarror factors and
hence, for a better agreement with a linear behaviour.

The obtainedD values extrapolated faxtxe — O and the theoretical predicted
values are listed in Tah.2 A good agreement is obtained for the experimental data
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D(0)*2%Xe/[-10~°n?/4] Xe 3He N>
D12 Eg5.1 5.52 61 8.8

NMR 57+0.1 | 50+5 | 1024+0.2
Simulation 5.76+0.02 | 60+4 -

Table 5.2: 129Xe binary mixed diffusion coefficient comparison within anfii
nite dilution of different buffer gasesHe and N. The differentD(0) are from
top to bottom respectively: calculation of binary diffusiooefficientD1 , from
Eq. 5.1, fitted to NMR measurements by Bgp and fitted from simulations to
Eqg5.6. Errors were obtained from the fitting error.

set with the theoretical prediction given by the binarywsibn coefficientD, ». There
are some minor discrepancies where the simulated xenarsitiff coefficient at low
Xe concentrations is slightly different from the measured.o

5.6 Conclusions

In this chapter an experimental setup and protocol for aahgea controlled binary

gas mixture —and hence a controlled diffusion coefficientwhich one of the gas
components is a noble LP gas is presented. The experimamtisecperformed at
pressures from.05bar to 2bar [Zaen0T, however, for an approximation to clinical
conditions, the measurements at ambient pressure areghetiméce. The gas mixing
is controlled by pneumatic valves which are driven from thectrometer, enabling
a synchronized timing with the pulse sequences and comalgtemation of the ex-
periment. The molar fraction determination is performeddingct inspection of the
NMR signal assuming that the only source of loss of magnigbizés produced by the
r.f. excitation. This strategy turned out to be more ace&utiaan other standard tech-
niques for quantitative analysis of mixtures of gases watywifferent molar masses.
This setup was then used for the simultaneous measuremém diffusion coeffi-
cient of 3He and Xe as a function of the Xe molar fractiotHe in binary mixtures
with other three different inert buffer gasésie, N, and Sk) were presented as well
as1?%Xe diffusion coefficient as a function of its molecular friact upon a mixture
with No.

The agreement between the experimentally measured diffusiefficients with
those obtained from molecular dynamics simulations andyacal expressions is
very good, in particular fofHe. The dependence of tRkle diffusion coefficient in
a BG on the molar concentration in mixtures with BG z &hd BG = Xe is neatly
reproduced, illustrating the possibilities of fine-tunofiffusion properties of a gas by
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the admixture of another one of different molecular massthéncase of thé?Xe
diffusion data, the agreement between experiment and atioanlis somewhat not so
satisfactory. This might be due to the approximations inXbeXe and Xe—He inter-
action potentials in the molecular dynamics simulations,dould also be explained
by an imperfect experimental setup as discussed above.

In the porous media research, diffusion plays an importetfor determination
of pore size, distribution and shapdair02] [Sen04. Since a wide range dd can
be achieved with gas admixture, the mixture procedure shhepresents a new tech-
nique to improve porous media research. In the case of thgg the control of the
diffusion coefficient is important (not only from the point\aew of porous media)
but also for the spatial resolution in MRI, since diffusiariluences the NMR signal
by means of the point spread functiddSF). Reducing the diffusion coefficient is
hence important for minimizing SF effects and thus the spatial resolution. In this
sense, Xe could represent a good candidate for lung MRI, eawthe lower NMR
signal, the lipophilicity and anaesthetic effects of Xentitrnot so much profitable
for this purposes. Some attempts had been made to reducéftisod coefficient
of Xe with heavier molecules like SHMair00Q], however, the authors conclude that
replacing?°Xe with SFs will both lower the NMR signal and have minimal effect
on Dxe(Xxe — 0). Even in the case where a benign buffer gas is required teaser
the total sample pressure, a similar reduction in diffusian be obtained simply by
adding moré?°Xe, with the side benefit of increased NMR signal.

These considerations, among others, fovour the usélefas the candidate for
lung MRI. Thus a deeper knowledge of the influence of heliuffusiion on spatial
resolution is required, task that will be carried out in tlegtrchapter.






Chapter 6

Influence of diffusion in MRI

Usually clinical NMR images show thtH density inside the body. The diffusion
coefficient, D, of these protons is on the order Dfyater = 2- 10*9mz/s at 25°C,
which is five orders of magnitude smaller than that¥de. Spatial resolution of this
gas will be therefore more affected by diffusion. In the poe¢ chapter, the control
of D in gases by means of addition of buffer gases (BG) was predestowing that
an attenuation of the diffusion coefficient of almost an ofenagnitude is possible.
Diffusion coefficient control is necessary to handle thebpem of the influence ob
in the signal, and hence in imagescps06h.

In this chapter the influence @i(x) in 3He MRI by means of the Point Spread
Function PSF) is presented. It is shown, that the signal can be optimizedabying
the mixture and hence the effects of diffusion on images dgéeenhancement” and
“motional narrowing”. The sensitivity and spatial resodut achievable for restricted
gas is analyzed. One-dimensional images of mixtures of lpskrized (LP)3He
with Ny, in restricted geometries shows that the control of gasurestconcentration
can be used as a contrast agent to determine structures smages, as well as the
admixture with different weight BG, shown in the more reiadisase of a lung.

6.1 Spatial resolution and point spread function

Spatial resolution is conceptually easiest explained Bgudising the point-spread
function, PSHr ), which convolves the pure spatial informatigriy ) [Ross69. The
width of the point spread function in relation to the widthawf image pixel directly
gives a measure of the spatial resolution. An NMR-image), is then described by
the following convolution

83
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Image=- | (r) = PSF® p(r) + noise. (6.1)

The width of the point spread function can be directly olediby switching the
“spatial term” off, i.e. by measuring at gradient strengghz(G = 0) and then Fourier
transform the result.

» Frequency encoding

The frequency encoded dimension is then simply the normaRMNdectrum,
and the maximum dispersion of chemical shifts or line widétedmines the total
width of the PSF, Aw , hence the blurring of the image along this dimension. The
minimum resolved distancdy , is consequently defined by the width of tA8F and
the (spatial) frequency spread by the read gradigt.ag

© or Ar n
Fre —
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whered is the half of the acquisition time (see Fdl). From this equation it is
obvious, that if the line width increases, the resolutioordases accordingly, unless
the gradient strength is enlarged. This explains the difiesiof NMR imaging of
solids, where line widths can be 5 or more orders of magnitwdader than in liquids,
because the dipole-dipole interactions are no longer geedraut as a consequence of
reduced mobility.

* Phase encoding

The situation is quite different when the spatial inforroatis obtained via phase-
encoding with constant evolution time. If the gradient igtehed off, nothing is
varied, hence resulting in a constant which Fourier-tramms$ into a delta-function.
That means that theSF has no width, and the minimum resolvable distafAcés no
longer determined by any intrinsic NMR-parameter, but esitlely by instrumental
variables, namely the maximum gradient amplit@igxand the evolution time (see
Fig.2.7) as

21
YGmax -
Similar considerations hold for the influence of self-dsifon on the resolution.
The random walk of the observed molecules causes a spdsiat,afthich can blur the
image in the frequency encoded dimension. This happensdingdo the Einstein-
Smoluchowski equation, rewriting Ej61for 1D case:

Arpha = (6.3)



6.1. SPATIAL RESOLUTION AND POINT SPREAD FUNCTION 85

Ar = v/2DAt (6.4)

whereD is the self-diffusion coefficient andt a sampling interval with which the
signal is recorded. Furthermore, self-diffusion also has@ng influence on the am-
plitude of the point-spread function, which is given by

PSF= exp(—yZDsz%3) = exp(—bD) (6.5)

wherem = 2 for the frequency encoded dimension,= 1 for the phase encoded
dimension and is the gradient length as depicted in Rg. The influence of self-

diffusion is usually smaller than chemical shifts, dipatauplings and other interac-
tions as long as liquids are considered. For water as an dgantypical experimental

setup gived\r =~ 0.3umand aPSF~ 0.999999 which is negligible.

* Gases

In difference to liquids the main cause of resolution linmtay be expected from
rapid Brownian motion of the gas atoms, siizés 4 orders of magnitude larger than
liquids. The same experimental values in the example abigeday 3He aAr ~ 90um
and aPSF~ 0.5 for the frequency encoded dimension, which are both snbata

However, this calculation assumes free, unrestrictedisidh. In a realistic sam-
ple, one will find walls, which restricts the diffusivity ofi¢ gas atoms close to them.
Pores will cause restricted diffusion of the gas insidertketire volume. In such
situations the effective diffusion coefficient can also Iséineated by the Einstein-
Smoluchowski equation when the pore sizeis smaller than a critical distanag,

re =1/ 2DoAT (6.6)

whereDy is the coefficient for free diffusion, so that the effectivifubsion coefficient
can be approximated as

D:{ % forr <rg (6.7)
Do forr >rg.

The spatial restriction by pore walls therefore reduceffective diffusion co-
efficient and increases the amplitude of the diffudk@Fin Eq6.1 From these facts
it is expected, that MRI of laser polarized (LP) gases in psnmedia lead to better
resolved images. Consequently it is of interest to invastidnow the “coherent” res-
olution, Ar, of the image in Ed.2is related to the size of a pong,and whether there
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r.f.
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t

Figure 6.1: Gradient echo sequence used to measure the signal under a fre
quency encode gradient at different concentrations

is an optimum of resolution, respectively sensitivity. Boch a relation one has to
combine Ed6.2 Eg6.4and Eg6.7 giving [Acos06h

2
PSF— exp(—%) . (6.8)

6.2 Optimal mixture in non restrictive geometries

Equation6.1 shows the factors that play an important role for the imagenisity.
On one hand th®SF, which include sequence parameters —as timing and gradient
strength— and. On the other hand the density distributiqir ).

In order to optimize th&SF sequence parameters have some restrictions due to
the necessary field of view,0V, and technical means. In the case of medical MR, the
restrictions are even more important since human bodiesagsuffer high gradient
strength. The other parameter left to correct isBhen the previous chapter it was
shown howD can be controlled by admixture of BG; to improve the signémsity
the lowesD is required. Althougltb can be reduced an order of magnitude in the case
of 3He, the admixture has the draw back of dilutittde and hence reducing.(r).

Both factors,D andp(r), are concentration dependent and hence the signal in-
tensity. On one hand the more concentrationp@n, the more signal. On the other
hand, the less concentration the |8sand so the larger the signal as follows:

b
X/D]_—I—(X—l)/Do

where Sig(x) is the signalx the concentrationD; and Do denotes respectively the
self diffusion coefficient and the diffusion coefficient in @finite dilution of BG, and

Sig(x) O x-exp (6.9)
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Figure 6.2: Signal dependence of freely diffusidble as a function of its molar
fraction in admixture with the buffer gas §following the sequence of Fig.1
For two b-values,[Jb = 6758/n? (realized with Gread- 86.4mT/mandd =
320us andmb = 13525%/n¥ (realized with Gread- 43.2mT/mandd = 64Qus).
The ordinate is the NMR-signal normalized to the value at1. The curves
show Eqg6.11using the diffusion coefficients from T&l The dashed lines are
the values okopt calculated from E@.10

b = 2y°G?5%/3 , represents the sequence parameters depicted B Fig.
From Eqg6.9an optimal concentration that compensafe) andD will be given

by

Xopt = {2+ bDo — \/4bDo— (bDo)Z] . (6.10)

D1
2(D1— Do)

Free diffusive LP2He was diluted with S§following the mixture procedure of
the experiments of chaptér Figure6.2 shows the maximum gradient echo signal
given by the sequence depicted in Bid.at different concentrations. The signal is
plotted for 2 differenb-values, which are typical in MRI, and normalizedde- 1 as
well as Eg6.9, obtaining

S(x) = ::g((’l(; — xexp{—b[D(x) — D1]} (6.11)

whereD(x) is given by
1

~ x/D1+(x—1)/Do

D(X) (6.12)
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Figure 6.3: Analytical one-dimensional image ixdirection ((x)) of a slab
of sizels obtained by frequency encoding with three different gnad&rength
Is/lc = 2,5,20. The crossover from slovs(= 20is) to fast (s = 2lg) exchange
regime is noticeable. Picture frorSie9]

The optimal concentration is marked with dashed lines valg the Eg6.1Q The
optimal concentration,pt, depends on thie-value, as it can be observed in the figure
or in Eq6.11 The signal is enhanced up to 3 times thanks to the mixtura &
13525%/n¥, or in other words, the dilutetHe exhibits 5 times of the expected signal
in Xopt. Hence, the somewhat counter intuitive situation arises less signal carrying
substance results in an increased MRI-signal. In both c#sesneasurements show
a very good agreement with Egll

6.3 Edge enhancement

The random movement of spins makes it practically imposstbtecover completely
the coherence, acquiring an echo attenuated by diffusioredtriction cavities, how-
ever, due to collisions with the container, there is lestudibn and therefore less
attenuation near a restriction. Thus, the signal in the dgm’t be as attenuated as
under certain circumstances.

In order to describe these circumstances, three lengtres thdve defined. The
first is the distance that a particle covers due to its diffasthe so-called root mean
square displacemerty, given by the Einstein-Smoluchowski equation, @&4. The
second is the dephasing length due to the diffusion andeckkat the read gradient
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strength as described iB\ie94, given by

-2 -

whereD is the diffusion coefficienty the magnetogyric ratio an@ the read gradi-
ent strength in a frequency encoding sequence. The thigtHes, of course, the
restriction distance of the cavitl, which contains the NMR-isotope.

Taking into account these lengths, two regimes can be cerexid The “fast-
exchange” regime when the isotope diffuses throughoutnicsure during the life
time of the experiment, i.ds << Ig,Ar, and the “slow-exchange” regime when most
of the spins do not contact a wall during the life time of th@exment, i.e.lg >>
Ig,Ar, and the diffusive distortion is confined to a boundary layfespins near to the
walls.

Figure6.3represents the calculated one-dimensional image catclitgtde Swiet
[Swie9]. The equation that describes this image depends on a suigenffenctions.
For a givenls/lg only a finite number of them have complex eigenvalues. In the
“slow-exchange” regime, the number of complex eigenvataeds to infinity and the
eigenfunctions become increasingly localized. The eigeetion nearest the walls
decay slowest and thus have the smallest width. Consegubete are the sharpest
and highest peaks in the image, obtaining a better resalubioFig 6.3 this effect is
shown for the curve marked with “20”, referencedde- 20l.

In the quantitative theory presented in the work of de SvBetig99, the regime
change is done by increasing the gradient strength andgdhgs In the case of gases,
another way of increask/lg can be done by decreasiipin Eq6.13 Figure6.4
shows a set of one-dimensional images ofhangslab at different concentrations of
3He with N» at a total pressure ofbhr. All images were normalized to their max-
imum. The ratiols/Ig took values of 17 fox — 0 (see fi$.5), very close to the
“slow-exchange” regime (seél8row of Tab6.2 for more details). Nevertheless, the
increasing of thé’SF (see Fig6.5) reduces the loss of signal in the middle of the slab
and, instead of getting a acute edge enhancement, a cosigtaaitwithout diffusional
effects is acquired.

6.4 Motional narrowing

A particular effect related to the high diffusivity is the &tional narrowing”, which
accumulates locally the signal and produces signal eninaerte Motional narrowing
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Figure 6.4: One-dimensional images of aBnrestricted cavity at different con-
centrations ofHe mixed with N. Images at bar were normalized to their
maximum signal and taken with the following parameteBeaq = 74mT/m
andSW=2-10°PHz

occurs when spins move back and forth so frequently thasspidifferent chemical
sites have no time to accumulate a significant phase diierehus all spins have the

same average precession frequency.

The motional narrowing is rather related to the “fast-exged regime. In the
work of de Swiet Bwie9], for valuesls ~ 2.264 g, there are no complex eigenvalues
and the ratio of 2.264 can be defined as the beginning of tist-&echange” regime
or motional narrowing regime. In Fi§.3the central peak, marked with a “2”, what
meands = 2lg, shows an example of the described effect.

Concretely in images, when an encoding magnetic gradieqpied in bounded
medium containing an NMR observable isotope and the roohregaared displace-
ment of spins is several times the motion restrictive lengththe resonances are at
the average frequency of the container and consisting thgermn a single Lorentzian
resonance line, as shown idigb0g [Wayn64.
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Figure 6.5: The top graph shows theSF values versus concentration with
parameters of Fi§.4. In the bottom graph is representedl s getting closer to
20; the critical ratio of slow-exchange regime. Howeveritttgease of th&®SF
under different concentrations make up for this regime gha@as observed in
Fig.6.4

6.5 Influence of experimental NMR-parameters in re-
strictive cavities

The effects related to diffusion —edge enhancement andomadtnarrowing— can
be partially reduced by combining a proper timing and aédigradient strengths.
Nevertheless high diffusivity ofHe makes it practically impossible to resolve a wide
range of restrictive cavities sizes.

Figure 6.6 shows two sets of images of the sample of Big§. composed of
collinear cylinders (stuck with epoxy), prepared to be dillgith a gas (see section
3.4). Allimages in each set were taken with different resolujacquired points) and
acquisition time (dwell time: time in between two acquirednis). The two columns
on the left —from a) to d)—are filled with 10096le at bar. The two columns on the
right —from e) to h)— are filled with the same quantity of ERe plus an additional
bar of SKs. The freeD in the second case is five times smaller and hence the influence
of the PSFwill be less than the half compared with the 108Pte set of images.

The 2D images of Fi§.6were acquired using a gradient echo FLASH Cartesian
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1 bar *He 1 bar 3He + 1 bar SF;
Dwell time
DW =10 ps
DW =40 us
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Figure 6.6: Gradient echo images of collinear cylinders at differesbhetion
parameters; number of pixels and dwell time (time betweda daints). The
first images block —“a” to “d)”— consist on puféle at bar. The second images
block —“e” to “h)"— consist on bar of 3He plus another of SF A gradients
strength of 106hT/m and spectral width of 10Hz were used in the “a)” and
“e)” images, 26nT/m and spectral width of 284z were used in the “b)” and
“f)” images, 53nT/m and spectral width of 10(Hz were used in the “c)” and
“g)” images and 561T/m and spectral width of 2841z were used in the “d)”
and “h)” images.

sampling ofk-space. Read gradient was set alongxukrection in all experiments
while the phase gradient was set alongytbrection, theBg field was thez-direction.
Tip angles of~ 3° were achieved by means of hard r.f. pulses of lengthsf 3
gradient strength of 106T/m and spectral width of 18Hz were used in the “a)”
image. The gradient strength was changed accordingly tadteisition time to keep
the FOV constant in the other images. The images were zero filleduictimes their
dimension before Fourier transformation. An FID was aceplimmediately before
each image acquisition and the data were normalized to thesponding FID inten-
sity before Fourier transformation in order to avoid theuafice of depolarization by
r.f. excitation. Despite the capillaries an exterior risgrisible due to gas which oc-
cupies the volume between the epoxy cylinder and the glagsioer. The gray scale
of all the images presented corresponds to its own maximum.

A comparison of the smallest capillary (exactly in the cenfehe phantom with
a diameter of dmm) with the largest one (upper part of the phantom with a diamet
of 3.2mm) will be done, since these are the extreme cases imaged. ajhefage
has the shortest acquisition time and hence shorter rooh sepzared displacement,
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Ar ~ 0.34mm Only few atoms have time to collide with the capillary waksen in
the smallest capillary, where they are not enough to gememnatappreciable signal.
However, the largest capillary is resolved and, slightlgtional narrowing and edge
enhancement effects can be observed. The in between sitlaroep shows these
both tendencies; edge enhancement in the capillary onghéeand lack of spins in
the set of capillaries on the left, only the capillary on tleétbm has the precise size
to be perfectly resolved.

For increased dwell times the atoms have enough time tosdiffiinerefore, they
collide with the capillary walls and are more restrictedinrage “b)” the time is four
times increased anfir ~ 0.5mm In this case, the spins in the smallest capillary (in
the center of the phantom) are resolved because they areestrieted, but the image
is strong diffusion weighted due to the large dwell time amentthe large capillary
(top of the phantom) is badly resolved, only edge enhancemeappreciable. Ac-
quiring more points —c) and d) — is also no solution to imprtwe resolution since
the acquisition time also increases — hence the image is diftusion weighted— and
only small capillaries are well resolved.

In the second set of images —from e) to h)— the mixture is ptese The smaller
the diffusion coefficient the more its effects are reduceadtlie same configuration
of timing and pixels, when both sets of images are comparég. smallest and the
largest capillaries can be resolved in “e)”, “f)” and “g)h 1h)” the low SNR does not
permit to obtain a quality image. The image “g)”, witha~ 0.2mm presents the best
image; all capillary sizes are homogeneously resolved amd the same intensity per
pixel. It means that the real distribution of spins is pettfeepresented by the signal
intensity distribution in the image.

6.6 Cavity selection

In the previous section it has been shown that a wide rangawitf/csizes can not be
well resolved with a high diffusive NMR-isotope. The diféett restrictions, and hence
the different apparent diffusion coefficient, ADC, influesdhe image by means of
thePSFand produces signal enhance or decrease depending on ttyescae. In this
section these effects are used to enhance or reduce thentdettrd cavity size, by
means of diffusion coefficient control via mixture controlmixture with BG choice.
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Figure 6.7: 3He inside the phantom of Fig9. Distances between planes are
given inmm The image was 8 times zero filled before Fourier transfaonat
and corresponds to the mixture= 0.5 of Tab6.2 The reddish part was set
to zero. Phase gradient was set alongytlirection and read gradient was set
along thez-direction.

6.6.1 Concentration dependence

Due to the higifHe concentration dependence of theas shown in Fid.2, concen-

tration control can provide an important tool to enhancetgaize in NMR images.
The synchronization of magnetic valves, which control the gdmixture, with the
sequence console offers the possibility of achieving ardesioncentration under cer-
tain known conditions (see secti8rB).

The phantom of fig8.9 was designed to study a wide range of one-dimensional
restrictions. It consists of a set of parallel planes sdpdray distances of alveoli size
order to last part of bronchial tube i.e.500.75, 1, 2, 3, 4 mm(see Fig6.7). The
phantom was imaged at different concentrationd3Hg mixed with N since it is the
most close buffer gas to air, which permit3;aof 2880+ 20s; long enough to reject
lattice interaction influence in the concentration meas@m@ during the experiment,
which took ca. 128 All images were acquired abar.

Pixels outside the restriction walls were set to zero, rgudin Fig6.7. The re-
striction walls were set perpendicular to tkelirection, which is theBy direction.
Images were taken in the— z plane (see Fi®.7), following a gradient echo FLASH
sequenceHaas86like the one depicted in Fig.7. Six points were acquired after the
r.f. pulse (-~ 3°) before applying the gradients to normalize each image aluiate
the concentration. The signal was averaged out iryttigection, i.e. the phase gra-
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dient direction, in order to obtain one-dimensional imaigethe restricted direction.
In all experiments the phase gradient was 32 times stepgbdawaximum gradient

intensity of 5GnT/m.

 Large acquisition time

x(CHe)inN, | 1 [0.70] 0.50 [ 0.37 [ 0.27 [ 0.19

PSF 0 | 0 |0.001]0.003]0.006] 0.008
Ar/lmni | 0.68]0.58] 053 | 0.51 | 0.49 | 0.48
I5(0.5mm)/lg | 1.74] 1.93] 2.04 | 211 | 2.16 | 2.19
5(0.75mm) /I | 2.61| 2.90| 3.07 | 3.16 | 3.24 | 3.29
ls(Imm)/lc | 3.47| 3.87| 4.09 | 4.22 | 4.32 | 4.39
ls(2mm)/lg | 6.95| 7.74| 8.18 | 8.44 | 8.63 | 8.78
ls(3mm)/lc | 10.4]116] 123 | 12.7 | 13.0 | 13.2
ls(4mm)/lc | 14.9]| 155| 16.4 | 16.9 | 17.3 | 17.6

Table 6.1: Parameters of a one-dimensional images of phantom o6.Figt
different concentrations ofHe with N, (Gread = 37mT/mandSW = 10°H2).
The first row are the concentrations at which the images wengeiged. The
second row are thBeSFvalues which attenuate the signal by non restricted dif-
fusion. Third row is root mean square displacement givendpg.B Rows 4h

to &th show thels/lg values (which define the fast-exchange regilgégs ~ 2,

to slow-exchange regimé/I =~ 20) at the restriction cavities.

Two sets of images are presented in this section with the saméer of acquired
points, 128, and two gradient strengths in read directi&g,qg, and spectral width,
SW, to keep thd=OV. The first set of images was taken witlgaq = 37mT/mand
SW= 10°Hz Table6.1 presents the different concentrations and the lengthtetela
to the diffusion, as well aBSF. As the third row shows, the gas is only restricted in
the smallest cavity (8mm) practically for all mixtures. In lowHe dilutions, edge en-
hancement is observed in cavities from 2 tmd rows 7, 8 and 9 (see also F&gl10).
The other cavities were covered only by 2 pixels at the modtlgiic values were
to small to expect slow-exchange regime. Due to the largeisitign time,PSFis
not high enough to prevent edge enhancement effects anédzkmtage of the gas
admixture in these cavities.

The importance of edge enhancement is shown irbRglt represents the signal
per pixel in each mixture, i.e. in each image. All images slaodecay of signal as
the cavity size increases. The first point, cavity of8nm shows a small value due
to the lack of spins and to the faster signal decay becausdl@ions. The larger the

N> concentration the smaller the signal decay for the diffecanity sizes.
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Figure 6.8: Signal per pixel of data of Tab.1 versus restrictive cavity sizes
for different concentrations: x1, x07, xQ5. corresponds respectively to the
following concentrationx = 1, x= 0.7, x= 0.5, ... and so on. The les#e in
the mixture the higher the signal, especially in the largeities.

Figure6.9shows the normalized signal per pixel dependence with theasdra-
tion for the different cavity sizes. In the small cavitiesetmore N in the mixture
the less the signal. The gas in these cavities was in maja#tyicted and motional
narrowing effects are expected. In fact, the presence of aB@es away from the
fast-exchange regime. In the case of big cavities, the aseref thd®?SF plays an im-
portant role since the gas is rather free. A win up to 2 timeheformalized signal
can be observed. The figure also shows a gap between sméaks#0b, 0.75, 1 mm)
and large cavities (23, 4 mm). The three big ones are exactly those where edge en-
hancement was observed, see &.it0

A concrete mixturex = 0.37, can be studied in Fi§.1Q Two images are shown;
one atx = 1, blue line, and the other at= 0.37, red line. The black line denotes
the signal win due to the admixture in the restricted wallsah be observed that the
three smallest cavities have practically no signal win,dtieer three cavities have a
signal win but inhomogeneously, principally far away frame walls.

» Short acquisition time

The other set of images was acquired witBigag = 74mT/mandSW=2.-10°Hz,
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Figure 6.9: Signal per pixel of data of Ta®.1 normalized tox = 1 upon con-
centrations for the different cavities: c05, c075,.clcorresponds respectively
to the following cavity sizes 8mm 0.75mm 1mm ... and so on. Due to the
admixture, the signal win is clearly appreciable for theéhlargest cavities.

what means the half of acquisition time of the previous set@ges. As can be
observed in the second row of Tél2 due to this short time the values of tR&F
are much higher compared with those of Bab.even though the gradient strength
was doubled, since the time increases to cube and the gtadiequare. In this set
of images the gas was only restricted before mixing and anlpé smallest cavity.
Values ofls/Ig are closer to 20 than those of Tald, nevertheless the higher values
of the PSFminimize the edge enhancement effects, as already exglairreference
to Fig6.4, which in fact shows theBmslab images of this set.

Figure6.11shows the signal per pixel in the cavities at different conmi@ions.
In this case, contrary to Fi§.8, the signal does not decay for all mixtures when the
cavity size increases. HighoNconcentrations enhance the signal by slowing down
the gas diffusivity, specially in the lo’#He concentrations, because of tA8F in-
crease, as can be observed in the second row o6.Rafi.he signal loss is for low p
concentrations not as acute as in Bi§.

In the case of the normalized signal of Bd.2 due to the high values of the
PSF, the edge enhancement is only observed in thenlab (see Fig.13 and the
gap between large and small cavities is not as clear as 9idgrherefore the signal
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Figure 6.10: One-dimensional images of data from Tt The blue line cor-
responds to the& = 1 image, the red line to the= 0.37 and the black line is
the proportion between both. The ratio was only calculatetthé part between
walls. An enhance of the the three largest cavities is olksergspecially far
away from the walls.

x®He)inN, | 1 ] 071] 050] 0.36] 0.26 | 0.19 [ 0.14

PSF 0.001] 0.005| 0.012| 0.018| 0.024| 0.028| 0.032

Ar/[mm 0.48 | 0.41 | 0.38 | 0.36 | 0.35 | 0.34 | 0.33

I5(0.5mm) /I | 2.19 | 2.42 | 257 | 2.66 | 2.72 | 2.76 | 2.79

15(0.75mm) /I | 3.28 | 3.64 | 3.86 | 4.00 | 4.08 | 4.15 | 4.19

sAmm)/lc | 4.37 | 4.86 | 5.14 | 5.32 | 5.44 | 553 | 5.59

s(2mm)/Ig 8.76 | 9.71 | 103 | 10.6 | 109 | 11.1 | 11.2

s(3mm)/Ig 131 | 146 | 154 | 16.0 | 16.3 | 16.6 | 16.8

JAmm/lc | 175 | 19.4 | 206 | 21.3 | 21.8 | 221 | 22.4

Table 6.2: Parameters of a one-dimensional images of phantom o6.Figt
different concentrations dHe with Np (Gread = 74mT/mandSW= 2-10°H2).
The first row are the concentrations at which the images weneiged. The
second row are thBSF values which attenuate the signal by non restricted dif-
fusion. Third row is root mean square displacement given dpg.& Rows 4h

to &th are thels/Ig values (which define the fast-exchange regitgées ~ 2, to
slow-exchange regimé;/Ig ~ 20) corresponding to the restrictive sizes.
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Figure 6.11: Signal per pixel of data of Tal.2 versus restrictive cavity sizes
for different concentrations: x1, x07, xQ5. corresponds respectively to the
following concentrations =1, x=0.7, x=0.5 ... and so on. Fox > 0.5 the
large cavities are affected by edge enhancement and sigoaakes for larger
sizes. Fox < 0.5 wall collisions and lack ofHe are more important than edge
enhancement and the signal increases principally in thedalabs.

win is not so appreciable. However, a signal rise is obseexash in the 075mm
cavity; in other words, more cavity sizes benefit from gasiatlme for these sequence
parameters.

Figure6.13shows the one-dimensional image of the phantoxsal, in blue, and
x=0.36, inred. The signal enhance is depicted in black only fercctvities. It can be
observed that themrdmslab is for both concentrations, red and blue lines, aftebte
edge enhancement. In theahslab, this effect is suppressed by 8Fincrease, as
can be seen also in F@4. Signal enhance, black line, in thenhand 2nmcavities
is more homogeneous if it is compared with the pixel intgndistribution of the /nm
one or those of Fi§.10

6.6.2 Buffer gas dependence

Another method to obtain the desirBdand so enhance different cavity sizes at will,
is the choose of different buffer gases, BG, as can be ob$émnieg5.2 For a more
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Figure 6.12: Signal per pixel of data of Ta.2 normalized tax = 1 upon con-
centrations for the different cavities: c05, c075,.clcorresponds respectively
to the following cavity sizes 8mm 0.75mm 1mm...
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admixture, the signal win is appreciable for almost all basizes.

realistic demonstration of the applicability of such buffases as structural contrast
agents, a ventilated lung of a dead pig was imaged using rexiof laser polarized
3He with the buffer gase$He, N, and Sk (molar fractionsx ~ 0.08, assuming a
total lung volume of B) [Acos06l. Special care was taken to replace all residual
gases from previous experiments by extensive ventilatyofes. In order to quantify
to some extent the contrast due to changes irbthialue for the three buffer gases,
an additional bipolar gradient in the sagittal directiotugbgradient in Figh.14) was

added to the otherwise unchanged pulse sequence 6f Hg.

and so on. Due to the
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Figure 6.13: One-dimensional images of data from T&B. The blue line cor-
responds to the = 1 image, the red line to the= 0.36 and the black line is
the proportion between both. The ratio was only calculateithé part between
walls. An enhance of the three largest cavities is observed.
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Figure 6.14: Diffusion weighted image sequence with slice selectiorduse
the lung images of Fi§.15 Five slices of 2mthickness were acquired with the
following parameters: tip angle 6°, echo time= 6ms repeat time= 16.1ms
andFOV = 32cm a 64x 128 (phasex read) data matrix was acquired in one
scan.

Slice

101



102 CHAPTER 6. INFLUENCE OF DIFFUSION IN MRI

N
£
53 2
.0 o
T8 x 3
Uq—.gjr
gtg I
o
Q
N
£
%)
<
2088
‘sn +
2V e &
Oy O ®©
Exp @
nwo = |

b

ratio
(weak/strong)

1% 3Hein*He 9% 3Hein N, 6% 3He in SF

Figure 6.15: 3He images of a pig lung using different buffer gaséide (left
column), N (middle column), and Sf(right column). The top row shows the
images of a reference measurement without additionalgiiffugradients and
b = 1525/n¥ along the vertical read direction. The color scale stretdhem
0% to 90% of the maximal intensity of each image. The midde shows the
images with additional diffusion gradients abd= 3889%/n? in the sagittal
direction (normal to image plane). The bottom row shows thages of the
top row divided by strongly diffusion weighted images of th&ldle row. Note
that the colour scales for the ratio images in this row stiegdrom ratio 1 to 2.
Noise was masked by applying a suitable threshold filter.

Lung images of the porcine lung were acquired (seedFlé) using a whole body
magnet with a field strength of 4T (Siemens Magnetom Vision; Siemens Medical
Solutions, Erlangen, Germany). A custom-built chest deib(inhofer Institute, St.
Ingbert, Germany) was used for r.f. transmission and remepThe coil design com-
prised of a dual-ring construction with a sensitive volurhé%0 x 365x 340mn¥(L x
W x H). It was manually tuned to théHe Larmor frequency at 48MHz. A slice-
selective gradient echo sequence (see6Fld), with additional gradient weighting,
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was used with thé-values given in the figure caption (see Bid5. Five slices of
2cmthickness were acquired with the following parametersatigle—~ 6°, echo time
= 6ms repeat time= 16.1ms andFOV = 32cnt a 64x 128 (phasex read) data
matrix was acquired in one scan. This measurements wererperdl at the clinic’s
university of Mainz (work group Prf.Schreiber).

With approval of the animal care committee, a domestic piggs 20kg) was
anesthetized and a tracheal tube was inserted. To avoig»aapiuring the exper-
iment, the anesthetized animal was killed by a potassiumdoge. Then the lungs
were flushed with pure nitrogen for about 15 minutes usingreoseentilator 900C
(Siemens-Elema) with a tidal volume of 400Q and a respiratory frequency of 40 cy-
cles per minute using volume controlled ventilation. At 4kuates after death, the
first set of images (Fi§.15middle column) was acquired after applyingte-bolus
of 178mL (x = 0.089). The flushing was repeated to replacewlth “He and imaged
2.5 hours postmortem with%e bolus of 21l (x = 0.105) (Fig.6.15left column).
Finally the helium was replaced by &&nd the right column of Fi§.15was acquired
with a 3He bolus of only 1181L (x = 0.056) five hours after death.

The results of this procedure can be seen in@ich The experiments on the
top row were acquired without an additional diffusion geadi(blue gradient off in
Fig.6.14. On the middle row, the diffusion gradient was turned onreasing the
signal in the larger air spaces. The bottom row of &ifj5 shows a ratio image of
weakly divided by the strongly diffusion-weighted expeemts. Of course the signal
ratio is highest for the large airspaces (such as the trach&@avever, this ratio de-
creases with going frorfHe (bottom left) to SE (bottom right), because the diffusion
is slowed more effectively by the heavier buffer gas. Thes® images also clearly
reveal that similar processes can be observed in the somewmiladler airspaces up to
segmental bronchi, which becomes clearly visible in thédmoteft image, obtaining
the highest contrast in the ratio images. On the other extdmbottom right image
reaches noise level.

6.7 Conclusions

The possibility to enhance the MRI-signal significantly lilyting the detected gas by
inert buffer gases of high molecular weight is clearly destoated. Of course, higher
signals are observed for lowbrvalues. However, considerations of the nature and
concentration of the gas mixture are of importance whereeltlor x is predefined by
the application. The somewhat “paradoxical”’ case, tha $gnal-carrier can result
in higher signal intensity, is illustrated in F&2 Nonetheless, one should note, that
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this description and observation is essentially valid forestricted diffusion, which
might be interesting for imaging larger cavities in the bdds., trachea, bronchi, and
sinus). Another possible area of practical implementaticiudes strongly diffusion
weighted sequences or “microscopic” MRI. However, the $enatructures of the
respiratory system are usually first affected by pulmonasgakes. Hence, restricted
diffusion appears to be more relevant for most clinical eyapions.

In order to investigate the restricted geometries, two pdras with different cav-
ities sizes have been used to study the influence of sequanameters and control
of D. One, consisting on collinear cylinders of different ragihows that diffusion
effects, as motional narrowing and edge enhancement, caage distortions for the
high diffusive®He. Gas admixture and pressure increase, reduces thests effie-
erwise practically impossible to cut out in all cavity sizest by sequence parameter
corrections. The BG admixture provides a reduction of@heomogeneously inside
the sample. Th® effects on images do not depend any more on the restrictiatyca
but on the admixture: concentration and BG. The best exaisple “g)” image of
Fig.6.6. With aAr ~ 0.2mmin the whole image, the set of cylinders on the left of
the image can be distinguished with a constant intensityclwis very close to the
largest cylinder on the top of the image. Even though in thiage a wide spectra of
values ofls/Ig —form 3.34 for the Gmmof diameter capillary to 21 for the.3mm
capillary— the attenuation of diffusion coefficient redule observed effects of slow
and fast exchange regimes.

Another phantom was constructed to study one-dimensiomajés in read gra-
dient direction. It consists of parallel planes placed #etent distances, see Fg7.
Two sets of images at different concentrations were dorierentiated by the read
gradient intensity and spectral widtBW. The shortesEWimplies more acquisition
time, and hence diffusion effects play an important roldadcquired image, as in the
previous phantom. However, if two images with different &tore are compared, the
diffusion coefficient change, due to the admixture, empeattie signal in the larger
slabs (see Fi§.10. Nevertheless the enhancement is achieved speciallg imitidle
of the larger cavities, since the borders were alreadyicéstic This difference is less
appreciable in the set of images taken with the lag)af(see Fig6.13. In this case,
the drawback is that the signal enhance in the large slatis Borsubstantial.

These two phantoms offer an approximation of a realistidiegion in lung
medicine due to the wide distribution of cavity sizes. Hoem\some idealizations
have been done: the most important gas, Oxygen, was not usdd the depolarizing
effects (see sectio®.3.1), and in the case of the admixture of the collinear cylinders
the gas admixture was pressed B2 An approach to a more realistic experiment
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with the lung of a dead pig shows other methods to controDtlaed highlight cavity
sizes by means of diffusion weighted images. The combinaifdight and heavy
BG permits also to obtain a desiréd Buffer gases with low molecular mass (such
as*He) can be used to keep the diffusion coefficient high in a gasune, or in the
case of hyperpolarizetf®Xe even increase it. On the other hand, gases with high
molecular mass (such as §FEan be used in the opposite fashion.

Differences in the inhaled gas mixture can cause significhamges of the image
contrast for suitably chosdnvalues. While mixtures with high diffusion coefficients
can be used to suppress the larger airways, a less diffugmhted image can be ob-
tained for the mixtures with low diffusion. While an individlly optimized mixture of
the breathing gas might be impractical for clinical MRI,sbéwo described scenarios
might have an assistive influence on the choice of roughlystdgl gas mixtures, de-
pending on the type of experiment to follow. For instanceegsments which locally
determine the ADC$chr99 or the partial oxygen pressureghm04 of very light
gases or higiHe concentration can profit from a lowBr because it could make the
experiment more reliable and faster due to improved SNRhEumore, this approach
could assist or replace acquisition schemes that minirhzetfluence of diffusion on
the NMR signal. However, the opposite approach seems torhave importance, as
an increase of the diffusion coefficient will allow the tailmy of the image contrast
to originate mainly from structures below an adjustable sit this size threshold is
known, the pixel size can be increased, because a visuatiselef regions of interest
excluding larger bronchi is no longer necessary. At thisiced resolution, however,
the signal will increase, which can then be used to reducegrgsurement time.






Chapter 7

Conclusions

The high diffusivity of gases strongly influences the NMRm&igintensity, hence the
resolution and appearance of the images. Furthermore,odilne targe polarization
achieved, 64% forl?°Xe [Ruse0§ and 91% for3He [Wolf04], the hydrodynamic
equations of a diluted spin polarized gas predicts unudtedts. These predictions
and the influence and control of gas diffusion have been tigasd in this work
aiming to MRI applicability.

In a comprehensive review, Lhuillier and Laldéhpi82h approximate a solution
of the Boltzmann transport equation and conclude that tiseaedependence of the
spin current on the magnetization, which can affect trdizgial motion like diffu-
sion. Since it could in principle alter tH2 measurements and MRI signal, a rigorous
study of theD upon polarization was carried out. TBse andDye at different po-
larizations and fhar at room temperature was measuneditro. No dependence @
on the polarization was found, however, only a small decayh®imeasured values is
observed in the low polarization regime, which is well egpted due to temperature
changes and gradient overheating.

Another method is presented to depolarize the gas by meawsakture of laser
polarized®He with thermal polarizedHe. The diffusion coefficient ctHe was mea-
sured at different pressures in order to achieve differetison rates and therefore
different spin transition probabilities. After normaltan of D, no deviation in the
measured values has been observed, meaning that under estifeted movement
conditions —such as capillaries, alveoli or buffer gas—pin diffusion effects can be
expected.

Since the experiments donevitro, which are more sensitive than an usual clin-
ical MRI, do not show any divergence b, it can be conclude that spin diffusion, if
it occurs under clinical conditions, has no observablecefie the particle diffusion
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measurements by NMR.

The novel experimental setup and protocol to depolarizedbyiéture, can also be
used to achieve a controlled binary gas mixture at pres$umes0.1bar to 2bar. The
gas mixing setup enables a synchronized timing with theepségjuences and com-
plete automation of the experiment. The molar fraction mheteation is performed
by the NMR signal intensity. This strategy turned out to beeraccurate than other
standard techniques for quantitative analysis of mixtofegases with very different
molar masses. This setup was then used for the measurentéet diffusion coeffi-
cient of3He in binary mixtures with other three different inert buftmses{He, N
and Sk) as well ast?®Xe diffusion coefficient as a function of its molecular friact
upon a mixture with N. The simultaneous measurement of the diffusion coefficient
of 3He and!?®Xe as a function of the Xe molar fraction has been also present

The agreement between the experimentally measured diffesiefficients with
those obtained from molecular dynamics simulations andytoal expressions is
very good, in particular fofHe. The reproducibility is demonstrated, that permits to
achieve fine-tuning diffusion properties of a gas by the atime of another one of
different molecular mass.

Diffusion is one of the most important parameters in poroadiaresearch, which
can be improved with this new technique. In case of MRI, therab of the diffusion
coefficient is important for spatial resolution of the sigrsince diffusion influences
the NMR signal by means of the point spread functiBsk). Reducing the diffu-
sion coefficient is hence important for minimiziF effects and thus the spatial
resolution.

The improvment of MRI signal by diluting the detected gasrimri buffer gases of
high molecular weight is clearly demonstrated. Consid@natof the nature and con-
centration of the gas mixture are of importance when theesopiparameters, sum-
marized inb!, are predefined by the application. The somewhat “paradtxiase,
that less signal-carrier can result in higher signal intgns demonstrated, showing
that the signal of dilutedHe with Sk exhibits 5 times of the expected signal in the
optimal concentrationtpt. Larger signal enhancement has been observed for other
b-values.

As conceptually discussed, the influence of diffusive psses during the image
acquisition can be understood by&F, whose amplitude is determined by the com-
petition of a coherent and incoherent term. The coherent &ises from the spatial
displacement of the signal by the application of gradiemtsch determines the image
resolution, while the incoherent diffusive spread of mde8 destroys the underlying

b = y?G?D[&*(A — 8/3) +£3/30— 8¢2/6] for parameters depicted in FRy12
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phase coherence resulting in a signal loss. However, tloislysvalid as long as free
and unrestricted diffusion is considered. In real sampdas. (ungs) the free path a
particle moves can also be determined by the size of its swrtavhen it is observed
long enough. This latter case of restricted diffusion wikttefore cause smaller “ap-
parent” diffusion coefficients (ADC) for small voids. MRI oéstricted geometries
presents effects related to two characteristic lengttescévity sizds and a dephasing
lengthlg = \3/%. The ratiols/Ig defines the regimes in which “edge enhancement”
or “motional narrowing” affects the images.

The influence of the diffusion in images of restricted georastis clearly at-
tenuated by gas admixture. In a sample consisting on phcallenear cylinders of
different diameter, the “edge enhancement” and “motioaatowing” effects can be
avoided under different experimental settings (acquisipoints and sequence tim-
ing), achieving an homogeneous signal intensity distidoutor all cavities indepen-
dently of their size, i.€ls.

The diffusion effects can also be manipulated to enhanceycsizes by two
methods based db control; by means of concentration control of the gas admext
or choice of buffer gas (BG). To investigate the first methaa, sets of images at dif-
ferent concentrations have been presented, differedtgtéhe read gradient intensity
and spectral widthSW, but with the same field of view. If two images with different
concentrations are compared, the diffusion coefficienhgha, due to the admixture,
emphasizing the signal in the larger slabs. Nevertheledgreeement is achieved es-
pecially in the middle of the larger cavities, since the l@osdvere already restricted
before admixture. This difference is less appreciable énsttt of images taken with
the largerSW. In this case, the drawback is that the signal win is not sgtsuilbial.

The second method, diffusion control by means of BG choiae deen presented
in diffusion weighted images (DWI) of a pig lung. Buffer gaseith low molecular
mass (such aHe) can be used to keep the diffusion coefficient high in a gasne,
or in the case of hyperpolarizéd®Xe even increase it. On the other hand, gases
with high molecular mass (such asgyEan be used in the opposite fashion. While
mixtures with high diffusion coefficients can be used to sepp the larger airways,
a less diffusion-weighted image can be obtained for theumgst with low diffusion.
Of course, the binary mixtures used in this study have to fecrnary for in vivo
investigations, including sufficient oxygen.

It is easy to foresee that these results can have a condiel@émgtact on clinical
lung studies. Obviously, the combination of these two masheconcentration and
buffer gas choice- is not excluded. It is possible to creath gjas mixtures that only
the alveoli become visible or the entire air spaces. Fumbee, diffusion measure-
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ments of gases in lungs with the aim to study the underlyingr@siructure will also
profit from these results.

The experiments of this work had been mainly directed toiegbility in clin-
ical MRI, nevertheless the results can be used generallyioys media research.
Exploiting the control of the diffusion coefficient by thiovel method opens new
possibilities in the field of NMR of gases, not only for lasedarized, but also for
thermal polarized systems.
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